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Revalidation of the method was attempted as described by Men; however, due to 

failure of revalidation, optimization of PHYS extraction and quantification was 

necessary.  The resultant extraction before optimization showed very little PHYS 

detected chromatographically with a reduced THA peak than expected.   

The extraction procedure is based on ion-pairing principles to maximize the 

extraction of PHYS while reducing the chemical hydrolysis.  The pH of the extraction 

matrix is adjusted to a pH of 9, where approximately 10% of PHYS remains in a cationic 

state.  By using anionic picric acid in the extraction matrix, this allows for ion-paring 

with PHYS.  While ion-paired, the results is a net neutral, PHYS-picric acid complex.  In 

addition to this complex, cationic THA and picric acid may also complex together.  This 

allows for extraction into methylene chloride.  Back extraction takes place into an acidic 

aqueous solution with tetrabutylammonium (TBA) chloride.  The relatively high 

concentrations of cationic TBA will ion-pair with picric acid, and in the process, release 

free cationic PHYS and THA into solution.  Without TBA in the back extraction step, 

picric acid and PHYS will remain complexed and prevents proper chromatographic 

separation. 

The separation is performed by ion-exchange chromatography on a bare silica 

column with tetramethylammonium (TMA) as the counter-ion in the mobile phase.  At 

the mobile phase pH of 3, PHYS and THA exist as cations and the silica on the column 

as an anion.  Cationic PHYS and THA compete for binding to anionic silica with the 

counter ion TMA.  Without TMA, PHYS and THA will remain on the column for an 

extended period of time and makes the chromatography inefficient. 
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Optimization of these conditions are crucial for the extraction and separation of 

PHYS and THA.  Confirmation and identify of physiochemical properties of PHYS was 

performed to optimize the extraction and identify problem areas of extraction.  

Optimization of extraction method, i.e., picric acid and TBA concentrations, pH and time, 

was performed to maximize extraction of PHYS and further identify problem areas of 

extraction.  Finally, optimization of chromatographic conditions, i.e., TMA and 

acetonitrile concentration, was performed.   

This chapter describes the optimization and validation of the quantification of 

PHYS in human plasma. 

 

3.2. Specific Aims 

1. Validate a sensitive and selective HPLC method for the quantification of PHYS in 

human plasma. 

 

3.3. Materials and Reagents 

1. Physostigmine Salicylate (PHYS; Eserine salicylate salt; MWt = 413.47; 

Sigma-Aldrich, St Louise MO) 

2. Tacrine (THA; 9-Amino-1,2,3,4-tetrahydroacridine hydrochloride hydrate; 

MWt = 234.72; Sigma-Aldrich, St Louise MO) 

3. Pyridostigmine bromide (PYR, MW=261.12; Sigma-Aldrich, St. Louis, MO) 

4. Sodium phosphate monobasic (Sodium dihydrogen phosphate; MWt = 

119.98; Sigma-Aldrich, St Louise MO) 
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5. Potassium phosphate dibasic (Dipotassium hydrogen phosphate, reagent 

grade; MWt = 174.18; Sigma-Aldrich, St. Louis, MO) 

6. Phosphoric Acid, 14.8 M (MWt = 98.00; Sigma-Aldrich, St. Louis, MO) 

7. Picric acid 1% by wt. in water (MWt = 229.10; Sigma-Aldrich, St. Louis, 

MO) 

8. Tetramethylammonium chloride (TMA; MWt = 109.60; Sigma,  Sigma-

Alrich, St. Louis, MO) 

9. Tetrabutylammonium hydrogen sulfate (TBA; Tetrabutylammonium bisulfate; 

MWt = 339.53; Sigma, Sigma-Alrich, St. Louis, MO)   

10. Methylene chloride, HPLC grade (Dichloromethane; MWt = 84.93; Burdick 

and Jackson, Morristown, NJ)  

11. Acetonitrile, HPLC grade (MWt = 41.05; Acros Organics, Morris Plains, NJ) 

12. Fasted, non-smoker, drug-free pooled plasma was obtained from BioChemed 

Services (Winchester, VA) 

13. Dulbecco’s Phosphate Buffered Saline (DPBS, Quality Biological Inc, 

Gaithersburg MD) 

 

3.4. Equipment 

1. Shimadzu RF-5301 spectroflorometer (Shimadzu, Columbia, MD) 

2. Shimadzu PharmaSpec UV-1700 Spectrophotometer (Shimadzu, Columbia, 

MD) 

3. Quartz cuvettes (Fisher Scientific, Pittsburgh, PA) 
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4. Corning pH meter 340 (Corning, NY)  

5. Waters 717 Autosampler (Waters Corporation, Milford Massachusetts) 

6. Waters 600 MultiSolvent Delivery Pump and Controller (Waters Corporation, 

Milford Massachusetts) 

7. Waters 2475 Fluorescence Detector (Waters Corporation, Milford 

Massachusetts) 

8. Beckman Coulter Ultrasphere Si, 250x4.6 mm 5 micron silica column 

(Beckman, Fullerton, CA) 

9. IEC Centra GP8 Centrifuge (Thermo Electron Corporation, Waltham, MA). 

10. Single channel variable-volume Pipettes (VWR Signature, West Chester, PA) 

 

3.5. Physiochemical properties of Physostigmine 

The structure of PHYS, THA and PYR are shown in figure 3.5.-1. along with 

reported pKa and log P values.19 

 

 

 
 

Physostigmine 
pKa =1.8, 7.9 
Log P = 1.6 

 

 
 

Tacrine 
pKa = 9.4 

Log P = 3.3 

 
Pyridostigmine 

pKa = n/a 
Log P = -3.7 

Figure 3.5.-1. Chemical structures of PHYS, THA and PYR 
 

PHYS and THA are relatively lipophilic compounds (Log P of 1.6 and 3.3, 

respectively), however, at physiologic pH, they tend to be water soluble due to 
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protonation of the nitrogen atoms.  PYR, in comparison, is very hydrophilic at any pH.  

Due to their conjugated ring systems, both analytes have strong flurophors resulting in 

strong fluorometric signals.   

3.5.1. Fluorescent Spectra of Physostigmine and Tacrine 

Two solutions were prepared in a phosphate buffer at pH 3.0; the first with 100 

ng/ml (0.36 μM) of PHYS and the second with 100 ng/ml (0.43 μM) of THA.  The 

fluorescent spectra of these solutions were determined using a Shimadzu RF-5301, first 

by finding the λmax
excitation, then holding at the λmax

excitation for PHYS and scanning for the 

λmax
emission.  The observed λmax

excitation was 243 nm; the observed λmax
emission was 347 nm.  

The spectra are shown in figure 3.5.1.-1.  THA, for the same concentration, resulted in a 

higher fluorescence, suggesting a stronger flourophor for THA than PHYS. 
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 This study demonstrated the maximum excitation and emission wavelengths for 

PHYS to be 243 and 347 nm, respectively.  This was used as optimized detector 

conditions for the bioanalysis of PHYS. 

3.5.2. Solution Stability of Physostigmine; Effect of pH and Time 

The stability of PHYS over time in different pH solutions of PHYS was explored 

to assess possible factors that may lead to degradation during the extraction and storage 

of samples: PHYS can be hydrolyzed to eseroline which can further be degraded to 
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rubreserine (eserine-red).  Rubreserine can further be degraded to eserine blue and/or to 

eserine brown through condensation reactions.   

Four phosphate buffer solutions at pH values 2, 7, 9 and 12, were prepared with a 

PHYS starting concentration of 22 μg/ml (79.9 μM).  PHYS concentrations of the 

solutions were monitored by UV spectroscopy; samples were taken and UV absorbance 

measured at 243 nm using a Shimadzu UV probe-1700.  The results are shown in figure 

3.5.2.-1.  The concentrations were calculated from the observed UV absorbance using 

Beer’s law; the molar absorptivity for PHYS is 12,302 M-1cm-1.17 

Immediately upon PHYS addition to the 12.2 pH solution, the solution turned red, 

indicating the presents of the degradation product, rubreserine.  Before the first 

measurement could be taken, approximately 30% of the starting PHYS had already been 

degraded.  At the end of 40 minutes, approximately 35% of the PHYS had degraded.  

While part of this absorbance change may have been due to pH related spectral changes, 

the presence of a color changes indicates the presence of degradation product.  This 

product appeared very rapidly after the addition of PHYS. 

For the solutions at pH 2, 7 and 9, no change was observed.   
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Figure 3.5.2.-1. Stability of PHYS in various pH buffer solutions at room temperature 
over 40 minutes (starting concentration 22 μg/ml (79.9 μM)) 

 

This study demonstrated that PHYS is stable at pH 2, 7 and 9 for at least 40 

minutes at room temperature, the approximate time necessary for an extraction.  On the 

other hand, PHYS was unstable at pH 12, with approximately 35% degradation observed 

at the end of 40 minutes.  This information was used to optimize the extraction procedure 

for the bioanalysis of PHYS.  Thus, a pH of 9 or less was used for extraction. 

3.5.3. Aqueous Solubility of Physostigmine 

Due to the lipophilic nature of PHYS, limited solubility may complicate stock 

solution preparation.  Therefore, the solubility of PHYS as a salicylate salt was assessed.  

One mg of PHYS (as 1.5 mg of PHYS salicylate) was placed in 1 ml of deionized water 

and mixed well; this resulted in a suspension, due to incomplete dissolution.  The 

43 



absorbance of the supernatant was measured and recorded before adding an additional 1 

ml aliquot of water.  The suspension was mixed well and allowed to reequilibrate and the 

absorbance was remeasured.  This was repeated until a linear relationship between 

observed UV spectrophotometric absorbance and nominal concentration was achieved.  

The observed concentration was calculated from the observed absorbance of the 

supernatant using molar absorptivity; the nominal concentration was the known mass (1 

mg) of PHYS per total volume of water added.  Figure 3.5.3.-1. shows the results of this 

experiment for the entire range and figure 3.5.3.-2. shows the results of this experiment in 

the linear range (< 55 μg/ml).  The solubility for PHYS salicylate is determined to be 

approximately 74 μg/ml (268.7 μM). 
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Figure 3.5.3.-1. Determination of aqueous solubility of PHYS salicylate shown on a 

linear scale (left) and log-linear plot (right) 
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Figure 3.5.3.-2. Determination of aqueous solubility of PHYS salicylate, linear range < 

55 μg/ml 
 

This study demonstrated the solubility of PHYS salicylate to be 74 μg/ml.  Below 

55 μg/ml (200 μM), the nominal concentration was linear to the measured concentration 

by UV absorbance (figure 3.5.3.-2). The slope of the line, theoretically, in this plot should 

be one, i.e., for a given increase in nominal concentration, the exact same increase in 

measured concentration should be observed and would confirm the molar absorptivity.  

Therefore, all stock solutions of PHYS were prepared below 55 μg/ml to ensure absolute 

solubility. 

3.5.4. Determination of pKa of PHYS by Spectrophotometery 

As chemicals undergo changes in charge status, they can exhibit a characteristic 

change in absorbance spectra.55  This is also observed for PHYS as the pH is increased 

from 6 to 9 due to the deprotonation of the second amine.  The pKa of PHYS was 

confirmed by spectrophotometric titration.  As PHYS becomes less protonated, a 
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characteristic change in absorbance is observed.  The purpose of this study was to 

determine the pKa of PHYS where it transitions from a singularly protonated to a neutral 

species.   

PHYS salicylate was dissolved in an acetate buffer solution (0.05 M, pH 3.0) at 

an initial concentration of 20 μg/ml (72.6 μM).  Acetate has a pKa of 4.7556 and was 

chosen as the buffer since it should not interfere with titration at the pKas of PHYS, 

expected to be around 1.8 and 7.9.  Phosphate has a pKa at 7.2 and titrations would result 

in an equivalence point near the pKa of interest, making the titration of PHYS difficult at 

the pH of interest.   

Aliquots of NaOH (0.1 M) were added while simultaneously measuring the pH 

and absorbance.  This process was repeated until the pH reached 9.5.  The results are 

shown in figure 3.5.4-1.   

 

46 



0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100
Added OH- (micromol)

pH

1.04
1.06
1.08
1.1
1.12
1.14
1.16
1.18
1.2
1.22

A
B

S

pH
ABS

 

Figure 3.5.4.-1. Titration of PHYS salicylate with NaOH 
 

The largest absorbance change occurred between a pH of 6 to 9.5, consistent with 

the reported pKa of 7.9.  In addition, a large titration endpoint was observed at pH 4.7 

which is due to the pKa of acetate.  Figure 3.5.4.-2. shows the absorbance decrease as the 

pH is increased.  The pKa is observed when at the steepest decent on the curve.  In order 

to determine the pKa, the first and second derivative on the data is performed, the pKa is 

the point where the first derivative reaches a minimum or where the second derivative 

crosses the x-axis with the largest change. 
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Figure 3.5.4.-2. Determination of PHYS pKa, (top) change in absorbance with pH 

changes, (middle) first derivative and (bottom) second derivative.  The vertical line 
indicates the determined pKa of 7.85. 

 

Using this approach, the pKa of PHYS was determined to be 7.85, very similar to 

the reported value of 7.9.  The confirmation of the pKa was important to maximize the 

extraction while minimizing the base-catalyzed hydrolysis, i.e., maximizing the pH 

assists in the liquid-liquid extraction by maximize the neutral state of PHYS, but pH 

conditions above 9 or 10 cause’s base-catalyzed hydrolysis.  Thus, an extraction pH 

between the pKa but below pH 9 maximizes the extraction while minimizing the degree 

of hydrolysis. 
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3.5.5. Summary of Physiochemical Findings 

The physiochemical properties of PHYS are important for an understanding the 

stability of PHYS and the properties necessary for the successful extraction and 

quantification of PHYS from human plasma. 

The solubility of PHYS salicylate was determined to be 74 μg/ml.  All stock 

solutions of PHYS were prepared below 55 μg/ml, the absolution solubility.   

At room temperature, PHYS was found to be stable in aqueous solutions at pH 

values between 2 and 9.  PHYS was unstable at pH 12 at room temperature.   

The maximum florescent excitation wavelength for PHYS was 243 nm; the 

maximum emission wavelength for PHYS was 347 nm. 

The pKa of PHYS was determined to be 7.85. 

 

3.6. Liquid Chromatographic Separation of Physostigmine and Tacrine 

The purpose of this section was to optimize the chromatographic conditions for 

the separation of PHYS and THA.  The method established by Men30 was optimized for 

the three chromatographic parameters, capacity factor, asymmetry and resolution.   

The capacity factor is the relative retention time of the analyte compared to the 

dead time (the retention time of the solvent front).55  The capacity factor, k’, is calculated 

using equation 3.6.-1.  Higher the capacity factors indicate greater retention of the analyte 

and internal standard of interest.  Under optimized conditions, the capacity factor is 

expected to be between 0.5 and 20 to avoid interference from the solvent front (k’ < 0.5) 

but to avoid peak widening and peak asymmetry at high retention times (k’ > 20).57   
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='      <Equation 3.6.-1.> 

Where: tR = Retention time of analyte/internal standard 
 tM = Dead time 

Peak asymmetry, AS, is a result of peak broadening, overloading the capacity of 

the column or peak tailing.55  Asymmetric peaks can result in low reproducibility and 

quantification problems.  The peak asymmetry is given by equation 3.6.-2.  The peak is 

bisected at the apex; the front peak width is the width from the front of the peak to the 

bisection at 10% of the peak height; the back peak width is the width from the bisection 

to the back of the peak at 10% of the peak height.  Perfectly symmetric peaks have a peak 

asymmetry of one, peak asymmetry of < 1.5 is acceptable.  

a
bAS =      <Equation 3.6.-2> 

Where: a = Front peak width at 10% of peak height 
 b = Back peak width at 10% of peak height  

Resolution, RS, is a measure of the baseline resolution between two peaks.55  Lack 

of baseline resolution can result in poor estimation of peak area due to inappropriate 

baseline drop.  RS is calculated using equation 3.6.-3.  RS > 1.5 indicate baseline 

resolution between two peaks have been achieved.  
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R

+
−

=
)(2

     <Equation 3.6.-2> 

Where: tA = retention time of peak A 
 tB = retention time of peak B B

 WA = peak width at baseline for peak A 
 WB = peak width at baseline for peak B 
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Optimization of these parameters is generally established by minimizing the 

capacity factor while maintaining adequate resolution.  This minimizes peak broadening 

and peak asymmetry as well as increase analysis throughput.  

A neat (unextracted) solution of PHYS and THA were separated under a variety 

of chromatographic conditions and the peaks were evaluated for capacity, symmetry and 

resolution.  The initial chromatographic conditions established by Men is shown in table 

3.6.-1.30  The optimized fluorescent detector conditions was λexcitation = 243 nm, λemission = 

347 nm, the measured λmax for PHYS (see section 3.5.1).   

Two conditions were optimized: the concentration of tetramethyl ammonium 

(TMA) in the mobile phase and the percent of acetonitrile in the mobile phase mixture.  

The initial concentration of TMA in the mobile phase (10 mM phosphate, pH 3.0) as 

established by Men was 2.5 mM with 9% of acetonitrile. 

 

Table 3.6.-1. Initial chromatographic conditions30 

 

 

A solution of PHYS (5 ng/ml (0.019 μM)) and THA (0.5 ng/ml) were prepared in 

tetrabutylammonium solution (TBA, 0.001M, pH 1.8).  It was expected this ratio of 

analyte and internal standard would result in a peak height ratio of approximately two.  

This solution was injected onto the HPLC column under various chromatographic 
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conditions shown in table 3.6.-2.  Various concentrations of TMA were explored while 

keeping the ACN composition at 9%; this was followed by exploring various 

compositions of ACN while keeping the TMA concentration at 2.5 mM.  Between 

conditions, the HPLC was allowed to equilibrate for a minimum of 10 column volumes at 

the new condition.  The neat sample was run in triplicate to ensure column equilibration. 

 

Table 3.6.-2. Chromatographic conditions for optimization of separation of PHYS and 
THA 

TMA Conc ACN  TMA Conc ACN 
[mM] [%]  [mM] [%] 

0 9  2.5 5 
0.625 9  2.5 7 
1.25 9  2.5 9 
2.5 9  2.5 11 

3.75 9  2.5 15 
5 9    

 

The resolution, peak asymmetry and resolution was calculated for each condition.  

Figure 3.6.-1 shows the results at various chromatographic conditions.  Increasing 

concentrations of TMA decreased the capacity factor for both PHYS and THA.  TMA 

acts as the ion-pairing chromatography agent and increasing its concentration increases 

the competition with PHYS and THA for adsorption to the column.  Increasing the TMA 

also decreases the resolution between the two peaks.  Peak asymmetry for THA was high 

in the absence of TMA but was relatively insensitive to increasing concentrations.  The 

peak asymmetry for PHYS decreased with increasing TMA concentrations to a minimum 

of 2.0 at 4 mM of TMA; however the resolution was below 1.  Thus, TMA 
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concentrations of 2.5 mM minimized the peak asymmetry while keeping the resolution 

between 1 and 1.5. 

Increasing the acetonitrile decreased the capacity factor and resolution for both 

PHYS and THA.  The peak asymmetry for PHYS was worst at 5% acetonitrile and was 

minimized at 11% acetonitrile.  THA remained relatively insensitive to increasing 

compositions of acetonitrile.  The peak resolution was very sensitive to increasing 

compositions of acetonitrile; acetonitrile concentration 9% and greater resulted in peak 

resolution less than one.  Thus, the acetonitrile composition of 7% resulted in minimized 

peak asymmetry while maintaining the resolution greater than one. 
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Figure 3.6.-1. Effects of chromatographic conditions on capacity factor, peak asymmetry 

and resolution for PHYS and THA 
 

The optimized chromatographic conditions chosen for the separation of PHYS 

and THA in TBA solution was 2.5 mM TMA in 10 mM phosphate buffer at pH 3.0 with 

7% acetonitrile.  These conditions resulted in a capacity factor of 1.1 and 1.4 and a peak 

asymmetry of 2.2 and 2.0 for PHYS and THA, respectively.  The resolution was 1.4 

under these conditions.  Under these conditions, the peak asymmetry was minimized 
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while maximizing the resolution.  Full resolution was not obtained; however, the amount 

of overlap between the two peaks with a resolution of 1.4 is expected to be < 1%.  

Furthermore, the peak heights of PHYS and THA were expected to be used; peak height 

is less sensitive to overlap than peak areas. 

 

3.7. Validation of the Extraction of Physostigmine from human plasma and the 

chromatographic separation and quantification by HPLC-FD 

An optimized HPLC-FD method developed by Men et al.30 was chosen as the 

final assay method to separate and quantify PHYS (see section 3.6).  This method was 

chosen due to its simplicity, sensitivity, selectivity and high throughput.   

3.7.1. Solution Preparation 

1. Phosphate buffer solution (PBS, 0.1M Na2HPO4, pH 7.4).  1.5 g Na2HPO4 was 

weighed into a 100 ml volumetric flask and diluted to the mark with nanopure 

H2O.  The pH was adjusted to 7.4 using phosphoric acid. 

2. Tetrabutylammonium solution (TBA, 1 mM, pH 1.8).  0.034 g 

tetrabutylammonium hydrogen sulfate was weighed into a 100 ml volumetric 

flask and diluted to the mark with nanopure H2O.  The pH was adjusted to 1.8 

using sulfuric acid. 

3. Picric Acid Buffer Solution (PABS, 1.0 mM picric acid, 0.5 M Na2HPO4).  2.3 ml 

of 1% wt/wt picric acid and was added to a 100 ml volumetric flask with 7.1 g 

54 



Na2HPO4 and dilute to the mark with nanopure water.  The solution was mixed 

until completely dissolved.  The pH of this solution was approximately 8.5. 

4. Mobile Phase (93% Buffer [10 mM NaH2PO4, 2.5 mM TMA, pH 3.0], 7% 

Acetonitrile).  2.4 g of sodium phosphate monobasic and 0.548 g 

tetramethylammonium chloride was placed into a media bottle and dissolved with 

2 liters of nanopure water.  The pH was adjusted to 3.0 using phosphoric acid and 

150 ml acetonitrile added.  The mobile phase was mixed until dissolved and 

sonicated for 10 minutes. 

3.7.2. Stock Standard Preparation 

Note: All PHYS concentrations are given in terms of PHYS free base.  Due to the 

molecular weight difference between PHYS salicylate (413.47 g/mol) and PHYS free base 

(275.35 g/mol) a correction factor of 0.6659 is used to convert the mass of PHYS 

salicylate to PHYS free-base to report the PHYS concentration.   

 
1. PHYS standard solutions 

 PHYS Stock (10 μg/ml).  1.5 mg Eserine Salicylate was weighed into a 100 ml 

volumetric flask and diluted with nanopure H2O to the mark and sonicated 

until all solids dispersed. 

 PHYS Solution A (1.0 μg/ml):  100 μl PHYS Stock is added to 900 μl PBS. 

 PHYS Solution B (100 ng/ml):  100 μl PHYS Solution A is added to 900 μl 

PBS.  
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 PHYS Solution C (10 ng/ml):  100 μl PHYS Solution B is added to 900 μl 

PBS. 

2. THA standard solutions  

 THA Stock (10 μg/ml).  1 mg 9-Amino-1,2,3,4-tetrahydroacridine 

hydrochloride was weighed into a 100 ml volumetric flask and diluted with 

nanopure H2O to the mark. 

 THA Solution A (1.0 μg/ml):  100 μl THA Stock is added to 900 μl PBS. 

 THA Solution B (50 ng/ml):  50 μl THA Stock is added to 950 μl PBS. 

3. PYR Solution (5 mg/ml).  10 mg Pyridostigmine Bromide is weighed in to a 2 ml 

volumetric flask and diluted with nanopure H2O to the mark. 

3.7.3. Plasma Standard/Control Preparation 

The standards in plasma were prepared by addition of PYR solution, THA 

solution B and PHYS solution B or PHYS solution C (see Table 3.7.3.-1. for solution 

volumes).  One ml of blank plasma is added to a 15x150 mm glass tube.  The highest 

concentration point of the calibration curve was 10 ng/ml, and the lowest concentration 

point of the calibration curve was 0.25 ng/ml.  The concentration of THA in the standards 

and controls was 0.5 ng/ml.  Six replicates of each concentration point was prepared 
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Table 3.7.3.-1. Plasma Standard Preparation 
Plasma PHYS 
Concentration 

(ng/ml) 

Volume 
PHYS 

Solution B 
(μl) 

Volume 
PHYS 

Solution 
C (μl) 

Volume 
THA 

Solution 
B (μl) 

Volume 
PYR 

Solution 
(μl) 

Volume 
Plasma 

(μl) 

Total 
Volume 

[μl] 

10.00 100 -- 10 10 1000 1120 
5.00 50 -- 10 10 1000 1070 
2.50 25 -- 10 10 1000 1035 
1.00 -- 100 10 10 1000 1120 
0.50 -- 50 10 10 1000 1070 
0.25 -- 25 10 10 1000 1045 
0.10 -- 10 10 10 1000 1035 
0.00 -- -- 10 10 1000 1010 
blank -- -- -- -- 1000 1000 

 

3.7.4. Extraction Procedure.   

The extraction procedure was started immediately after standard preparation to 

prevent any non-enzymatic degradation of PHYS. The picric acid buffer solution was 

used to denature the proteins in plasma and to act as an ion-paring agent for PHYS and 

THA.  In addition, the choice of pH and buffering capacity maximize the amount of 

PHYS in the neutral state while minimizing the degree of base-catalyzed hydrolysis.  The 

extraction from plasma was performed by liquid-liquid extraction into water-saturated 

methylene chloride and back-extracted into aqueous TBA solution using a low pH to ion 

trap PHYS and THA.  In addition, TBA in the final step ion-pairs with picric acid and, in 

the process, releases PHYS and THA to be free. 

The extraction procedure is shown in figure 3.7.4.-1. 
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o Rotate the tubes at 60 rpm for 10 min 

o Centrifuge the tubes for 10 min at 2000 rpm 

Decant the organic phase into the second tube (careful 
not to decant the interface or any remaining aqueous) 

and discard the first tube 

o Rotate the tubes at 60 rpm for 10 min 

o Centrifuge the tubes for 10 min at 2000 rpm 

o To a clean second tube (15x150 mm), add 150 

μl TBA (0.001 M) solution 

Add 2 ml more methylene 
chloride to each tube 

Add 10 ml water-saturated 
methylene chloride

1 ml of Plasma 
Add 1 ml PABS

o Vortex for 10 sec 

o Cap the tubes with Teflon lined phenolic caps 

o Rotate the tubes at 60 rpm for 10 min 

o Centrifuge the tubes for 10 min at 2000 rpm

Remove and discard the aqueous 
(top) layer (careful not to remove 

the interface)

Remove at least 115 μl of the aqueous portion to a 
sample vial for HPLC analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.7.4.-1. The extraction procedure of PHYS from human plasma 
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3.7.5. Absolute Extraction Recovery 

Neat, unextracted, standards were prepared in TBA solution for determination of 

absolute extraction recovery.  Assuming 100% extraction efficiency, the concentration in 

the TBA solution would be concentrated by a factor of 6.67, i.e., starting with a plasma 

volume of 1 ml, we end with a volume of 150 μl in TBA solution for HPLC analysis 

resulting in a 6.67 fold increase in concentration.  The TBA solution concentrations 

prepared were equivalent to the plasma concentration of 10 ng/ml and 1 ng/ml.   

 The 10 ng/ml sample was prepared by pipetting 910 μL into an auto sampler 

vial with 70 μl PHYS solution A and 70 μL THA solution B and mixing on a 

vortexer.   

 The 1 ng/ml sample was prepared by pipetting 910 μL into an autosampler 

vial with 70 μl PHYS solution B and 70 μL THA solution B and mixing on a 

vortexer.   

These neat standards were analyzed by HPLC-FD in the same manner as the 

extracted samples.  The relative abundance of the extracted standard compared to the 

unextracted neat solution is the absolution extraction recovery. The absolut recovery for 

THA was assessed by the mean of all extracted plasma samples compared to the mean of 

all unextracted standards, excluding blanks. 

3.7.6. HPLC-FD Procedure 

Chromatographic separation was performed using a Beckman Coulter Ultrasphere 

Si, 250x4.6 mm, 5 micron, silica column.  The mobile phase is a phosphate buffer mobile 

phase with 7% acetonitrile and TMA as an ion-pairing reagent.  Analyte detection by FD 
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is performed by exciting at 243 nm and emission at 347 nm.  Table 3.3.8.-1 shows the 

HPLC conditions used in this procedure. 

 
Table 3.7.6.-1. PHYS Assay HPLC-FD conditions 

Column Beckman Coulter Ultrasphere Si, 250x4.6 mm 5 micron silica 
column. 

Mobile Phase 93% Phosphate Buffer (10 mM NaH2PO4, 2.5 mM tetramethyl 
ammonium chloride, adjusted to pH 3.0 with H3PO4) 
7% Acetonitrile 

Flow Rate 1 ml/min (Isocratic) 
Injection 
Volume 

100 μL 

Run Time 13 min 
Excitation λ 243 nm 
Emission λ 347 nm 
Autosampler 
Temperature 

4º C  

 

3.7.7. Data Analysis 

Precision was be assessed by coefficient of variation (COV).  Accuracy was 

assessed by difference from nominal (DFN).   The method was considered accurate and 

precise if the COV and DFN are less then 15% at each concentration level.  A linear 

regression for each of the 6 replicates was performed with and without a weighting factor 

of 1/x2 using JMP version 5.   

3.7.8. Results and Discussion 

Representative chromatograms are shown in figure 3.7.8-1. for a blank standard, 

no PHYS (THA alone), low, medium and high PHYS concentration. 
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blank

 

0 ng/ml (IS only) 0.25 ng/ml 

 

1 ng/ml 10 ng/ml 

Figure 3.7.8.-1. Representative chromatograms for the blank, 0 ng/ml(internal standard 
only), 0.25 ng/ml, 1 ng/ml and 10 ng/ml 

 
 

The PHYS peak height results of the plasma standard are shown in Table 3.7.8.-1.   

It should be noted that interference was observed in a single blank standard replicate at 

the PHYS retention time (replicate 2).  This interference was relatively large (503 FU), 

and is most likely due to mispipetting during standard preparation.  In addition, PHYS 

could not be detected in a single replicate of the 0.1 ng/ml plasma standard (replicate 5).  

The absence of PHYS in replicate 5 may be due to absence of analyte due to mispipetting 

or may be due to the peak height falling below the LOD.  The overall peak height mean 
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and COV of THA in all nonblank standards was 1258 (±9.97%).  The peak height ratios 

of the six replicates are shown in Table 3.7.8-2. 

 

Table 3.7.8-1. PHYS Peak Height (units: Fluorescence Units) 
Plasma 

Concentration 
Replicate 

1 
Replicate 

2 
Replicate 

3 
Replicate 

4 
Replicate 

5 
Replicate 

6 Mean % COV 
(ng/ml) PHYS PHYS PHYS PHYS PHYS PHYS PHYS 
10.00 7799 7831 7719 6983 6949 7016 7383 (5.9) 
5.00 3863 3663 3843 3315 3089 3457 3538 (8.6) 
2.50 1959 1840 1875 1595 1417 1685 1729 (11.6) 
1.00 824 742 768 669 678 641 720 (9.6) 
0.50 391 315 414 257 347 304 338 (17.2) 
0.25 176 166 166 141 145 151 158 (8.7) 
0.10 98 53 70 62 0 31 52 (64.4) 
0.00 0 0 0 0 0 0 0 (0) 
blank 0 503 0 0 0 0 84 (244) 

 

Table 3.7.8-2. Peak Height Ratio, mean PHR ± %COV 
Plasma Replicate Replicate Replicate Replicate Replicate Replicate   

Concentration 1 2 3 4 5 6 Mean %COV 
(ng/ml) PHR PHR PHR PHR PHR PHR PHR 
10.00 5.342 5.345 5.360 5.677 5.701 5.582 5.501 (3.1) 
5.00 2.740 2.618 2.714 2.863 2.863 2.728 2.754 (3.4) 
2.50 1.425 1.321 1.417 1.474 1.417 1.382 1.406 (3.6) 
1.00 0.596 0.547 0.558 0.588 0.578 0.579 0.574 (3.2) 
0.50 0.286 0.300 0.303 0.233 0.296 0.262 0.280 (9.8) 
0.25 0.121 0.124 0.122 0.124 0.129 0.127 0.125 (2.5) 
0.10 0.072 0.040 0.052 0.052 0.000 0.026 0.036 (61.5) 
0.00 0.000 0.000 0.000 0.000 0.000 0.000 0.004 (0.00 
 

 

The absolute extraction recovery for the low (1 ng/ml) and high (10 ng/ml) PHYS 

concentration was 91.9% (COV ± 4.7%) and 98.1% (± 6.2%), respectively.  The 

extraction recovery of THA is 101% (3.2%). 

The peak height of PHYS was assessed for imprecision and found to be less than 

15% throughout the concentration range between 0.25 ng/ml to 10 ng/ml, with the 
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exception of 0.5 ng/ml.  The peak height at 0.1 ng/ml was not less than 15% due to the 

absence of a detectable peak in replicate 5.  Analysis of peak height alone was found to 

be too imprecise, justifying the use of IS.  The use of the IS reduced variability (i.e., 

COV) to less than 10% between 0.25 ng/ml and 10 ng/ml.  The peak height ratio was 

more precise compared to the peak height. 

Table 3.7.8.-3. shows the parameter estimates for the 6 calibration curves for an 

unweighted regression and a 1/x2 weighted regression.  The intercepts are not statistically 

different from the origin, indicating no systematic bias.  The sensitivity for this method 

ranged between 0.53 and 0.58 PHR/ng/ml, that is, for every 1 ng/ml increase in 

concentration an increase in the PHR between 0.53 and 0.58 was observed. 

 
Table 3.7.8.-3. Unweighted and weighted regression parameter estimates for each of the 

six calibration curves 
Replicate r2 Intercept (SE) Slope (SE) 

    [PHR] [PHR/ng/ml] 
     Unweighted      
Replicate1 0.9996 0.0420 (0.025) 0.533 (0.005) 
Replicate2 0.9998 0.0021 (0.017) 0.532 (0.003) 
Replicate3 0.9998 0.0305 (0.019) 0.535 (0.004) 
Replicate4 0.9997 -0.0017 (0.022) 0.570 (0.004) 
Replicate5 >0.9999 0.0008 (0.006) 0.570 (0.001) 
Replicate6 0.9998 -0.0113 (0.016) 0.557 (0.003) 
     1/x2 Weighting    
Replicate1 0.9952 -0.0153 (0.010) 0.570 (0.019) 
Replicate2 0.9937 -0.0041 (0.011) 0.543 (0.021) 
Replicate3 0.9939 -0.0106 (0.011) 0.563 (0.021) 
Replicate4 0.9946 -0.0262 (0.011) 0.580 (0.021) 
Replicate5 0.9984 -0.0115 (0.006) 0.581 (0.011) 
Replicate6 0.9988 -0.0130 (0.005) 0.561 (0.009) 

 
 

Table 3.7.8-4. shows the %DFN for the weighted and unweighted calibration 

curves.  Using an unweighted regression, the DFN is greater than the 15% in 3 nominal 
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measurements.  Using a weighted regression corrects for the heteroscedacity of the 

residuals results in a more precise calibration curve.  Using the weighted regression, the 

DFN for all curves were less than 15%. 

 

Table 3.7.8.-4. DFN for an unweighted and weighted regression 
Plasma 

Concentration 
Replicate  

1 
Replicate 

2 
Replicate 

3 
Replicate 

4 
Replicate  

5 
Replicate 

6 
 (ng/ml) %DFN %DFN %DFN %DFN %DFN %DFN 

Unweighted calibration curve 
10.00 -0.54 0.42 -0.30 -0.34 -0.06 0.36 
5.00 1.25 -1.66 0.39 0.53 0.36 -1.67 
2.50 3.79 -0.86 3.76 3.59 -0.68 0.03 
1.00 4.01 2.37 -1.38 3.46 1.29 5.84 
0.50 -8.25 12.08 1.88 -17.56 § 3.37 -2.05 
0.25 -40.73 § -8.60 -31.44 § -11.69 -9.84 -0.66 

1/x2 Weighted calibration curve 
10.00 -6.09 -1.56 -4.63 -1.73 -1.66 -0.32 
5.00 -3.41 -3.49 -3.25 -0.45 -1.03 -2.30 
2.50 0.98 -2.47 1.41 3.40 -1.62 -0.55 
1.00 7.20 1.38 0.91 5.80 1.58 5.40 
0.50 5.79 12.04 11.30 -10.61 5.73 -2.12 
0.25 -4.47 -5.90 -5.74 3.58 -3.01 -0.11 

§ DFN > 15% 
 

Using this method, a regression with a 1/x2 weighting scheme is found to be 

preferred over the unweighted regression to determine the calibration curve due to better 

precision.  This method is found to be accurate between 250 pg/ml and 10 ng/ml using a 

1/x2 weighted calibration curve. 

3.7.9. Conclusions 

This analytical method for the quantification of PHYS in human plasma was 

validated; it is sensitive and selective and found to be accurate and precise with a 
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working analytical range between 250 pg/ml and 10 ng/ml.  The method is simple and 

has a relatively high throughput.   

The specificity of this method may be of concern due to a peak observed during 

the retention time of PHYS in a blank sample; however, this was only observed in a 

single replicate out of six, and is not though to be of concern.  In addition, no PHYS 

interference was observed in any of the 0 ng/ml samples. 

 

3.8. Partial Validation of the Quantification of Physostigmine in DPBS 

In addition to the quantification of PHYS in plasma, PHYS was also quantified 

from Dulbecco’s Phosphate Buffered Saline (DPBS, Quality Biological Inc, Gaithersburg 

MD) solution during the preliminary in-vitro studies of PHYS (see section 5.3).   

Three replicates of an abbreviated PHYS calibration curves were prepared 

analogous to section 3.7.3. with the exception of human plasma, DPBS was the matrix of 

interest.  The concentrations of PHYS prepared for this standard curve was 0 (internal 

standard only), 0.25, 1.0, 2.5 and 10 ng/ml.  Table 3.8.-1 shows the concentrations of 

PHYS prepared and the volume of solutions used to prepare the standards. 

Neat standard solutions were prepared to assess absolution extraction recovery.  

The concentration levels to assess recovery was at 1 ng/ml and 10 ng/ml.  These samples 

were prepared as described in section 3.7.5. 
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Table 3.8.-1. DPBS Standard Preparation 
Plasma PHYS 
Concentration 

(ng/ml) 

Volume 
PHYS 

Solution B 
(μl) 

Volume 
PHYS 

Solution 
C (μl) 

Volume 
THA 

Solution 
B (μl) 

Volume 
PYR 

Solution 
(μl) 

DPBS 
(μl) 

Total 
Volume 

[μl] 

10.00 100 -- 10 10 1000 1120 
2.50 25 -- 10 10 1000 1035 
1.00 -- 100 10 10 1000 1120 
0.25 -- 25 10 10 1000 1045 
0.00 -- -- 10 10 1000 1010 
blank -- -- -- -- 1000 1000 
 

The extraction procedure was exactly the same as described in section 3.7.4.  

Table 3.8.-2 shows the peak heights obtained from this study.  The COV was less than 

15% at all levels.  The mean THA peak height was 945 (± 4.3%).  Table 3.8.-3. shows the 

PHR for this analysis.  The %COV for the PHR was less than 15% at all levels.  

Incidentally, the use of internal standard did not improve the analysis of PHYS.  This 

may indicate the extraction variability stems from PHYS rather than THA; however, the 

use of an internal standard is recommended due to the complexity of the extraction 

procedure.  This method was found to be precise with an imprecision less than 12%. 
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Table 3.8.-2. Peak height of PHYS extracted from DPBS 
PHYS Replicate 1 Replicate 2 Replicate 3 Mean(%COV) 

[ng/ml] PHYS PHYS PHYS PHYS 
blank 0 0 0  
10.00 5478 5362 5086 5309 (3.7) 
2.50 1256 1271 1044 1190 (10) 
1.00 500 462 477 480 (3.9) 
0.25 123 101 125 116 (11) 

0 0 0 0 0  
 

Table 3.8.-2. Peak height ratio of PHYS extracted from DPBS 
PHYS 

[ng/ml] Replicate 1 Replicate 2 Replicate 3 
Mean 

(%COV) 
10.00 5.49 5.32 5.10 5.30 (3.7) 
2.50 1.30 1.29 1.07 1.22 (10) 
1.00 0.55 0.49 0.52 0.52 (5.5) 
0.25 0.13 0.11 0.14 0.13 (11) 

0 0 0 0 0  
 

The absolute extraction recovery was 78.3% (± 6.7%) and 82.6% (± 5.7%) for the 

1 ng/ml and10 ng/ml PHYS.  The recovery for THA was 98.1% (± 2.5%). 

The %DFN is shown in table 3.8.-3.  The %DFN was less than 15% at all 

concentration levels in the three replicates.  The inaccuracy was less than 12%. 

 

Table 3.8.-3. %DFN of PHYS extracted from DPBS 
PHYS 

[ng/ml] Replicate 1 Replicate 2 Replicate 3 
10.00 7.07 1.82 6.88 
2.50 1.41 -0.14 -11.89 
1.00 7.15 -2.14 5.13 
0.25 4.15 1.59 -2.09 

 

The purpose of this section was to describe the partial validation of the method for 

the quantification of PHYS in DPBS.  The method was found to be accurate and precise 

in the analytical work range of 0.25 and 10 ng/ml with a LLOQ of 0.25 ng/ml. 
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3.9. Analysis of Study Samples  

The plasma PHYS samples from studies were preserved with PYR solution (50 ng 

for each ml of plasma, i.e., 10 μl of 5 mg/ml PYR solution) and stored at -70°C until 

ready for analysis.   

The analysis of study samples were thawed at room temperature.  To a 15x150 

mm glass tube, add 1 ml of the plasma sample and 10 μl of THA solution B (50 ng/ml).  

The study sample was then extracted and analyzed in a similar manner as the plasma 

standards.  If the study sample concentration was higher than 10 ng/ml, the sample was 

diluted with blank plasma.  This dilution factor is then multiplied to the calculated 

concentration to obtain the concentration per ml.   

For each batch sample analysis, a set of plasma standards are analyzed before the 

study samples.  Interspersed evenly throughout the study samples, two low (1 ng/ml), two 

middle (5 ng/ml) and two high (10 ng/ml) plasma controls were analyzed to ensure stable 

running conditions during the analysis.  No more then 10 study samples were analyzed 

between the plasma standards and controls.  The last sample in the run was a control 

sample.   

A 1/x2 weighted regression is performed for the calibration curve.  The two 

plasma controls and the plasma standard at the low, middle and high concentrations were 

analyzed for precision by calculating the %COV.  The controls were measured for 

accuracy by calculating the %DFN.  A batch sample analysis will be considered valid if 

the %COV and the %DFN is below 20%.   
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3.9.1. Analysis of Intrastudy Quality Control Samples for Preliminary Studies 

The QC samples analyzed during the quantification of clinical samples from the 

preliminary studies (described in chapter 5) were assessed for accuracy and precision.  

Table 3.8.1.-1 shows the results of the calibration curve and the accuracy and precision of 

the low, medium and high quality control samples.  All sample QC samples were 

accurate and precise, i,e,, the DFN and COV were less than 20%. 

 

Table 3.9.1.-1. Summary of QC samples during intrarun analysis 
Study r2 Low

%COV 
QC 
%DFN 

Med
%COV 

QC 
%DFN 

High 
%COV 

QC 
%DFN 

Section 5.3 
Whole blood 

0.9961 4.9 4.8 
3.8 

1.2 -1.0 
-2.3 

1.8 -8.9 
8.3 

Section 5.3 
Plasma 

0.9940 4.3 17.7 
1.4 

2.4 4.6 
5.4 

9.2 10.4 
2.3 

Section 5.3 
RBC 

0.9912 6.1 10.0 
-4.5 

1.4 3.7 
-2.6 

2.9 12.9 
10.4 

Section 5.5 
Subj 1 C0 = 0.73 μM 

0.9772 
 

2.6 
 

-9.7 
-13.4 

6.5 
 

13.1 
0.1 

9.3 
 

-5.8 
1.8 

Section 5.5 
Subj 1 C0 = 0.27 μM 

0.9990 1.5 -1.1 
-1.1 

4.6 9.0 
8.2 

2.3 0.4 
4.3 

Section 5.5 
Subj 1 C0 = 0.018 and 
0.0009; Subj 2 C0 = 0.18 

0.9967 8.5 13.4 
10.4 

3.0 1.3 
-0.9 

2.2 -0.6 
1.7 

Section 5.5 
Subj 2 C0 = 0.018 and 
0.0009 

0.9978 -3.4 3.9 
-0.7 

4.7 -6.4 
-16.9 

8.2 -9.9 
-16.5 

 

3.10. Partial Revalidation of the Analysis of Physostigmine from Human Plasma 

Between the completion of the preliminary studies in Chapter 5 and the in-vitro 

clinical study in Chapter 6, the source for several chemical reagents was no longer 

available or was changed due to increases in procurement cost.  In addition, the HPLC 

system was changed.  With the use the newly sourced picric acid and TBA, detection by 
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HPLC was no longer achieved.  PHYS was no longer detectable in addition to a lower 

than expected THA peak.  For this reason, reoptimization of extraction procedure with 

these two new reagents was performed.  

After optimization, a partial revalidation was performed with four calibration 

curves to test for system suitability.  The newly sourced materials were evaluated for 

suitability for extraction from human plasma and for chromatographic separation. 

3.10.1. Materials and Reagents 

The materials and reagents remained the same as described in section 3.3 with the 

following changes: 

1. Picric Acid, Saturated Solution. ~1.2% (w/v) (MWt = 229.11; BDH Brand 

Chemical, VWR International, West Chester, PA) 

2. Tetrabutylammonium hydrogen sulfate (TBA; Tetrabutylammonium 

bisulfate; MWt = 339.53; Sigma, Sigma-Alrich, St. Louis, MO)   

3.10.2. Equipment 

The equipment remained the same as described in section 3.4 with the following 

change in HPLC system: 

1. Waters Alliance HPLC with 600 Controller (Waters Corporation, Milford 

Massachusetts) 

The identical model of detector was used. 
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3.10.3. Reagent Optimization 

Picric acid and TBA are used as ion-pairing agents and are important for the 

proper extraction of PHYS and THA from plasma.  The sensitivity of extraction to 

varying concentrations of picric acid and TBA was determined.   

Four solutions of PABS (0.5 M Na2HPO4) were prepared with various 

concentrations of picric acid: 0.25 mM, 0.5 mM, 1 mM and 2 mM picric acid.  This 

corresponded to ¼x ½x, 1x and 2x the concentration of picric acid as previously 

validated in section 3.7. 

Four solutions of TBA were prepared with various concentrations of TBA:0.5, 

1.0, 2.0 and 4.0 mM TBA.  This corresponded to ½x, 1x, 2x and 4x the concentration of 

TBA as previously validated in section 3.7   

PHYS standard solution of 5 ng/ml (0.019 μM) was prepared as described in 

section 3.7.3, and placed in 16 glass tubes (15x150 mm).  The extraction procedure was 

carried out as described in section 3.7.4. with the exception of using the PABS and TBA 

solutions described in this section in varying combinations.  A factorial design was 

chosen due to an expected interaction between the two ion-pairing reagents, i.e., picric 

acid allows for extraction, while TBA is required to release the analytes to a free cationic 

form required for chromatographic separation.  Table 3.10.3.-1 shows the concentration 

of picric acid and TBA used in combination with each other during the extraction 

procedure. 
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Table 3.10.3.-1. Concentration of the ion-pairing agents picric acid and TBA for 
optimization of the extraction of PHYS and THA from human plasma 

Tube  PA TBA Tube  PA TBA Tube PA TBA Tube  PA TBA 
 [mM] [mM]  [mM] [mM]  [mM] [mM]  [mM] [mM]

#1 0.25 0.5 #5 0 1 #9 0 2 #13 0 4 
#2 0.5 0.5 #6 0.5 1 #10 0.5 2 #14 0.5 4 
#3 1 0.5 #7 1 1 #11 1 2 #15 1 4 
#4 2 0.5 #8 2 1 #12 2 2 #16 2 4 

 

Table 3.10.3.-2. shows the peak height of PHYS and THA for each of the 

conditions. The maximum peak height of PHYS and THA was observed when using the 

PABS with 2 mM of picric acid and TBA solution at a concentration of 2 mM.  An 

example chromatogram can be seen in figure 3.10.3-1.   

Low concentrations of picric acid resulted in low peak heights of PHYS and 

THA.  This low peak height is presumably due to incomplete ion-pair complexation with 

PHYS and THA resulting in incomplete extraction into methylene choloride.  An 

example chromatogram showing incomplete extraction of PHYS and THA is shown in 

figure 3.10.3-1. 

Low peaks heights with low concentrations of TBA is presumably due to 

inadequate TBA complexation to picric acid.  Incomplete TBA-picric acid complexation 

would result in significant analyte-picric acid complexes.  These complexes will not be 

retained on the column and would elute with the solvent front.  Large solvent front peaks 

were observed at high picric acid and low TBA concentration combinations.  This large 

solvent front peak is presumably due to a high concentration of PHYS-picric acid and 

THA-picric acid complexes.  An example of the large solvent front peak can be observed 

in figure 3.10.3.-1.   
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Table 3.10.3.-2. Peak Height of PHYS and THA under various extraction conditions of 
picric acid and TBA 

       PABS 
         [mM] 
TBA 
[mM] 

2 1 0.5 0.25 

  PHYS   
4 410733 427944 424213 391260 
2 457478 360421 205316 365268 
1 0 3160 0 0 

0.5 0 0 0 0 
  THA   

4 127281 119778 112069 95674 
2 151798 102151 116654 101967 
1 11380 18428 39261 23337 

0.5 4627 5545 3821 4914 
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Optimized 
conditions:

Small solvent 
front 

 

Large PHYS and 
THA peaks 

Incomplete analyte extraction 
Small solvent  

2 mM PA 
2 mM TBA 

0.5 mM PA 
0.5 mM TBA 

front observed 
Small or no PHYS  

and THA peaks

2 mM PA 
PA-analyte complexation 
Large solvent  
front observed 

Small or no PHYS  
and THA peaks

1 mM TBA 

Figure3.10.3.-1. Chromatograms of PHYS and THA extrated from human plasma under 
various conditions of PA and TBA.  

 

The purpose of this study was to optimize the concentrations of newly sourced 

picric acid and TBA.  The concentrations that resulted in the maximum extraction of 

PHYS and THA was 2 mM of picric acid in the PABS and 2 mM of TBA. 
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3.10.4. System Suitability 

Using the newly optimized concentrations of picric acid and TBA for the 

extraction procedure, four replicates of the PHYS standard curve (see section 3.7.3.)was 

extracted and evaluated for accuracy and precision. 

Table 3.10.4.-1. shows the PHR for the four replicates at each concentration level.  

The %COV was less than 15% at all levels, including the lowest PHYS concentration of 

0.1 ng/ml.  Thus, this method is found to be precise with the imprecision less than 12% 

between the analytical range of 0.1 ng/ml and 10 ng/ml.  The PHR was similar to the 

PHR observed on the previous HPLC system.  Range in PHR was 0.05 to 6.4 in this 

study compared to 0.03 to5.7 in the previously validated method (section 3.7). 

 

Table 3.10.4.-1. Peak height ratio 

PHYS 
Replicate 

1 
Replicate 

2 
Replicate 

3 
Replicate 

4 Mean (%COV) 
[ng/ml] PHR PHR PHR PHR PHR 
10.00 5.352 5.863 6.333 6.362 5.978 (7.9) 
5.00 2.291 2.963 2.953 2.671 2.720 (11) 
2.50 1.345 1.578 1.668 1.653 1.561 (9.5) 
1.00 0.585 0.629 0.705 0.572 0.623 (9.6) 
0.50 0.282 0.260 0.335 0.307 0.296 (11) 
0.25 0.137 0.112 0.147 0.144 0.135 (11) 
0.10 0.052 0.049 0.064 0.051 0.054 (12) 
0.00 0 0 0 0 0.00   

 

Table 3.10.4.-2. shows the %DFN. The %DFN was less than 15% for all 

replicates and concentrations, including 0.1 ng/ml.  This indicates this method is accurate 

with the inaccurately less than 15% between the analytical range of 0.1 ng/ml and 100 

ng/ml.   
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Table 3.10.4.-2. % Difference from nominal 

PHYS 
Replicate 

1 
Replicate 

2 
Replicate 

3 
Replicate 

4 
[ng/ml] %DFN %DFN %DFN %DFN 
10.00 -0.6 -0.4 -1.9 5.4 
5.00 -14.9 0.9 -8.5 -11.4 
2.50 -0.1 7.9 3.4 9.9 
1.00 8.7 8.9 9.4 -4.0 
0.50 4.8 -7.2 4.2 4.5 
0.25 2.0 -14.8 -8.4 0.8 
0.10 -3.0 7.1 1.6 -1.0 

 

The purpose of this study was to revalidate the method for the quantification of 

PHYS from human plasma using the newly sourced materials on a different HPLC 

system.  The method was found to be accurate and precise in the analytical range between 

0.1 ng/ml and 10 ng/ml.  Using this method, the LLOQ was established to be 0.1 ng/ml 

with an analytical working range between 100 pg/ml and 10 ng/ml. 

3.10.5. Intrarun Quality Control Samples for the In-vitro Clinical Study  

The quality control samples for the in-vitro clinical study (chapter 6) were 

analyzed for intra-run accuracy and precision (see section 3.8).  Table 3.10.5.-1. shows 

the results of this analysis.  The inaccuracy and imprecision was less than 20% for all QC 

samples in each of the studies. 
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Table 3.10.5.-1. Summary of QC samples during intrarun analysis 
Study r2 Low

%COV 
QC 
%DFN 

Med
%COV 

QC 
%DFN 

High 
%COV 

QC 
%DFN 

Subject 001, 002, 003, 
011, 012, 013 

0.9942 0.2 -1.2 
-0.1 

5.3 3.4 
-5.5 

18.2 10.2 
11.3 

Subject 004, 005, 006, 
014, 015, 016, 017 

0.9876 5.2 1.9 
2.3 

2.4 -6.7 
17.8 

6.0 8.4 
-9.4 

Subject 007, 008, 009, 
010, 018, 019 

0.9912 8.0 -4.4 
9.0 

3.4 5.3 
-6.8 

9.3 -5.9 
-0.2 

 

3.11. Conclusions 

This chapter describes the validation of the method for the quantification of 

PHYS in human plasma with an inaccuracy and imprecision less than 12%.  The 

analytical working range is 250 pg/ml (0.9 nM) to 10 ng/ml (0.036 μM) with an LLOQ of 

250 pg/ml for the preliminary studies described in Chapter 5.  The analytical working 

range is 100 pg/ml (0.36 nM) to 10 ng/ml with an LLOQ of 100 pg/ml for the in-vitro 

clinical study described in Chapter 6.   

The physiochemical properties of PHYS were explored and found the pKa to be 

7.85, stable in aqueous solutions at pH values between 2 and 9 and the absolute aqueous 

solubility of PHYS salicylate is 55 μg/ml. 

In addition, the method for the quantification of PHYS in DPBS was validated.  

The inaccuracy and imprecision was less than 12% and the analytical work range is 

between 250 pg/ml and 10 ng/ml with a LLOQ of 250 pg/ml. 
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Chapter 4 

Measurement of Acetylcholinesterase and Butyrylcholinesterase 
Activity 

 

4.1. Introduction 

“I added the necessary substrate, enzyme, and DTNB to the spectrophotometer 

while the recorder was going, and, lo and behold, the color began to appear in a 

fantastically linear way that is the delight of every biochemist’s heart.”- George Ellman, 

Ph.D.58 

The most common method to measure ChE activity reported in the literature is 

based on the method first described by Ellman et al in 1961 and has been cited over 

10,400 times to date.41,59  Ellman’s colorimetric method photometrically measures the 

product formation from ChE degradation of a thiocholine substrate.  Other methods have 

quantified ChE activity by measuring the change in pH as acetylcholine is hydrolyzed to 

choline and acetate.60  Production of acetic acid lowers the pH; however, this method 

requires a relatively long measurement time due to the amount of acetate required to 

cause a quantifiable change in pH (generally 20 minutes or longer).  In addition, this 

method requires large sample volumes, increasing the amount of biological samples 

required and large substrate amounts, increasing the cost of the analysis.   
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Another, more recent method measures the ACh concentration directly by 

HPLC.61  The change in concentration at different time points is able to estimate the 

activity of the ChE.  This method is time-consuming and requires more sophisticated 

equipment than a UV/Vis spectrometer or pH meter.  In addition, this method does not 

measure the activity in real-time, but does allow for batch processing. 

Ellman’s colorimetric method, on the other hand, is rapid, namely requiring less 

than 8 minutes; does not require large biological sample volumes or sophisticated 

equipment.  The method can also, and has, be used in a variety of biological matrices, 

including blood, CSF and tissue homogenates, as reported by Ellman et al in the original 

report.41  Furthermore, because the method has been well established for many years, the 

reagents are readily available and inexpensive. 

In this method, AChE hydrolyzes acetylthiocholine (AtCh), an analog substrate of 

ACh, to form thiocholine and acetate.  Ellman’s reagent, 5,5′-dithiobis(2-nitrobenzoic 

acid), also known as DTNB, rapidly reacts with thiols to form a yellow product that can 

be measured spectrophotometrically at 410 nm; the product has an extinction coefficient 

of 13600 M-1cm-1.41  Figure 4.1.-1 shows the reaction of AtCh in the presence of AChE 

and DTNB.  The activity of AChE is measured as the formation rate of TNB. 
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Figure 4.1.-1. Reaction of AtCh in the presence of AChE and DTNB 
 

The activity of BuChE can be measured in the same manner: in this case, an 

alternative substrate (selective for BuChE), such as butyrylthiocholine (BtCh), is used to 

form the products thiocholine and butyrate.  The thiocholine rapidly reacts with the 

DTNB to form the same yellow product (TNB) that can be measured at 410 nm (see 

figure 4.1.-2).  BtCh has the advantage of selective hydrolysis by BuChE over AChE.  

This is because of the inability of BtCh to bind to the acyl-binding pocket of AChE due 

to steric hindrance.21 

 

Figure 4.1.-2. Reaction of BtCh in the presence of BuChE 
 

 A variety of thiocholine ester substrates are available, and have been developed, 

for Ellman’s method; however, AtCh and BtCh remain the most widely used, and 
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available thiocholine esters. 62  Other thiocholine esters include acetyl-β-

methylthiocholine (AβtCh), propionylthiocholine (PtCh) and benzylthiocholine (BztCh).  

Figure 4.1.-1. shows the chemical structures of these thiocholine esters.  AβtCh has been 

reported to be a AChE selective substrate with 95% selectivity even at high substrate 

concentraitons.62  AtCh and PrtCh are nonselctive substrates, i.e., they are able to be 

degraded by both AChE and BuChE about equally.63  BtCh and BztCh are selective 

substrates for BuChE due to the steric hinderance at the acyl-binding pocket of AChE.21 

 

Figure 4.1.-3. Thiocholine ester substrates used with in Ellman’s colorimetric method 
 

 Being esters, AtCh and BtCh are subject to chemical hydrolysis; however, this 

hydrolysis is relatively slow compared to the enzymatic hydrolysis.  Overall, the 

contribution of spontaneous hydrolysis to the total hydrolysis of the substrate in the few 

minutes required for Ellman’s method would contribute very little.63  This can be 

demonstrated by Ellman’s method in the absence of enzyme (substrates only in aqueous 

solution). 
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4.2. Specific Aims 

1. Optimize Ellman’s colorimetric method for the measurement of human RBC 

AChE activity, and modify Ellman’s colorimetric method for the measurement of 

human plasma BuChE activity. 

 

4.3. Materials and Reagents 

1. Acetylthiocholine Iodide (AtCh; MWt = 289.18; Sigma-Aldrich, St. Louis, MO) 

2. Butytylthiocholine Iodide (BtCh; MWt = 317.23; Sigma-Aldrich, St. Louis, MO) 

3. 5,5’-dithio-bisnitrobenzoic acid (DTNB; MWt = 396.35; Sigma-Aldrich, St. 

Louis, MO) 

4. Potassium phosphate monobasic (KH2PO4; MWt = 174.18; Sigma-Aldrich, St. 

Louis, MO) 

5. Phosphoric Acid, 14.8 M (MWt = 98.00; Sigma-Aldrich, St. Louis, MO) 

6. Acetylcholinesterase from bovine erythrocytes lyophilized powder (0.3 U/mg; 

Sigma-Aldrich, St. Louis, MO) 

7. Butyrylcholinesterase from horse serum lyophilized powder (17 U/mg; Sigma-

Aldrich, St Louis, MO) 

8. Sodium bicarbonate (MWt = 84.01; Sigma-Aldrich, St. Louis, MO) 

9. Gelatin (Sigma-Aldrich, St. Louis, MO) 
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4.4. Equipment 

1. Shimadzu PharmaSpec UV-1700 Spectrophotometer (Shimadzu, Columbia, MD) 

2. Computer equipped with Shimadzu UV-Prob Software (Shimadzu, Columbia, 

MD) 

3. Quartz cuvettes (Fisher Scientific, Pittsburgh, PA) 

4. Eppendorf 5804R, Benchtop Temperature Controlled Centrifuge (Westbury, NY)) 

5. Corning pH meter 340 (Corning, NY) 

6. Single channel variable-volume Pipettes (VWR Signature, West Chester, PA) 

7. Positive displacement pipette, C3-25 μl (Rainin, Woburn, MA) 

 

4.5. Solution Preparation 

1. Phosphate Buffer Solution (PBS, 0.1 M, pH 8.0).  Potassium phosphate dibasic 

8.71 g) was weighed of into a 500 ml volumetric flask and dilute to the mark with 

nanopure water.  The pH was adjusted to 8.0 with phosphoric acid. 

2. Acetylthiocholine solution A (AtCh A, 100 mM).  AtCh A solution was prepared 

by weighing out 289 mg of acetylthiocholine iodide and adding it to 10 ml of 

PBS.  This solution was mixed well until dissolved and stored at -70°C until 

needed for the assay. 

a. Acetylthiocholine solution B (AtCh B, 10 mM).  Pipetted 100 μl AtCh A 

solution into 900 μl PBS and mixed well. 

b. Acetylthiocholine solution C (AtCh C, 1 mM).  Pipetted 100 μl AtCh B 

solution into 900 μl PBS and mixed well. 
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c. Acetylthiocholine solution D (AtCh D, 0.1 mM).  Pipett 100 μl AtCh C 

solution into 900 μl PBS and mixed well. 

3. Butyrylthiocholine solution A (BtCh A, 100 mM).  BtCh A solution was prepared 

by weighing out 317 mg of butytylthiocholine iodide and adding it to 10 ml of 

PBS.  The solution was mixed well until dissolved.  This solution was stored at -

70°C until used for analysis. 

a. Butyrylthiocholine solution B (BtCh B, 10 mM).  Pipetted 100 μl BtCh A 

into 900 μl PBS and mixed well. 

b. Butyrylthiocholine solution C (BtCh C, 1 mM).  Pipetted 100 μl BtCh B 

into 900 μl PBS and mixed well. 

4. DTNB (10 mM).  DTNB solution was prepared by weighing 39.6 mg of 5,5’-

dithio-bisnitrobenzoic acid and 15 mg sodium bicarbonate and added to 10 ml of 

PBS.  The solution was mixed well until dissolved and stored at -70°C until used 

for analysis. 

5. Human blood was collected from healthy volunteers in heparinized tubes.  The 

blood was centrifuged at 5,000 g for 2 min to separate RBC and plasma.   

a. Dilute RBC suspension.  10 μl of packed RBC was pipetted into 600 μl 

PBS using a positive displacement pipette due to the viscosity. 

b. Dilute Plasma solution.  60 μl of plasma was pipetted into 600 μl PBS 

6. Purified AChE suspension (5 U/ml in 1% gelatin solution) was prepared by 

weighing 167 mg of AChE from bovine erythrocytes (0.3 U/mg) and 1 g of 
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gelatin into 100 ml PBS.  The suspension was well mixed until all gelatin was 

dissolved. 

7. Purified BuChE suspension (7.6 U/ml in 1% gelatin solution) was prepared by 

weighing 44.78 mg of BuChE from horse serum (17 U/mg) and 1 g of gelatin into 

100 ml PBS.  The suspension was well mixed until all gelatin was dissolved. 

 

4.6. RBC AChE Activity Measurement 

The product formation, as reported by Ellman et al, was measured for 8 minutes.41  

Men optimized the measurement of RBC AChE activity, under the conditions described 

in this section, which only required 4 minutes, decreasing the measurement time in half to 

increase the analysis throughput.30  Under these conditions, the formation of product was 

observed to be linear at all substrate concentrations for 4 minutes.  The shortened 

measurement time was crucial since the clinical samples were measured throughout the 

study in real time.  Due to the anticipated number of samples and the rapidity of samples 

measurement needed, the shortened analysis time was necessary.   

The measurement of AChE activity was performed at room temperature by the 

following procedure: 

1. Into a 1 ml quartz cuvette, the following was added: 

a. PBS, a sufficient volume to make a total volume of 1 ml, taking into 

account the volume of substrate 

b. 25 ul DTNB solution  

c. 25 μl dilute RBC suspension 
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2. To start the reaction, AtCh solution was added to the sample cuvette 

3. The formation of product is observed at 410 nm for 4 minutes by absorbance 

Under these conditions, the final concentration of DTNB was 0.25 mM.  The total 

dilution factor for RBC was 0.000042; i.e., diluted 2400-fold.   

 

4.7. Plasma BuChE Activity Measurement 

The activity of plasma BuChE was optimized using BtCh as the substrate.  The 

concentration of DTNB, dilution of plasma and the time of the measurement were 

optimized for the various concentrations of BtCh necessary to characterize the kinetics of 

plasma BuChE.  The temperature for the measurement of BuChE activity was performed 

at room temperature for all experiments. 

4.7.1. Optimization of Butyrylthiocholine Concentration 

The BtCh concentration dependent activity of purified BuChE suspension was 

assessed.  The activity in the purified BuChE suspension was made to a similar activity as 

observed in human plasma (i.e., 5.10 μmol/min/ml plasma).64  The concentration of 

DTNB and the dilution of plasma chosen for this study was the same as used for RBC 

AChE.  The Km in human plasma was reported to be 171 μM (SD=12) by Cengiz et al.65 

and was reported by Simeon-Rudolf et al.66 to be between 80 and 210 μM, depending on 

the phenotype of the subject.  The concentrations of BtCh in this study ranged from 225 

μM to 10,000 μM.   
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The activity of purified BuChE was determined by the following procedure: 

a. Into a 1 ml quartz cuvette, the following was added: 

i. PBS, a sufficient volume to make a total volume of 1 ml, taking into 

account the volume of substrate 

ii. 25 μl DTNB solution  

iii. 25 μl purified BuChE suspension 

b. To start the reaction, BtCh solution was added to the cuvette 

c. The formation of product is observed at 410 nm for 8 minutes by 

absorbance 

The amount of activity expected in the final mixture is 0.19 U/ml (i.e., 0.19 

μmol/min/ml).  The final concentration of DTNB is 0.25 mM. 

The activity of the purified BuChE was linear over the 8 minutes observed for this 

experiment at all concentrations.  The results are shown in figure 4.7.1.-1 fit by a 

Michaelis-Menten model.  The Km for the purified BuChE suspension was determined to 

be 275 μM (± 15%).  The vmax was determined to be 1.1 μmol/min/U (± 2.5%).  The Km, 

as determined in this study, was higher than reported for human plasma, which may be 

due to species differences.  In addition, this system was a purified enzyme rather than in a 

biological matrix and may account for differences in Km.  A unit of enzyme is defined as 

one μmol/min under ideal conditions.  The vmax value of 1 μmol/min/U is the expected 

activity of the enzyme as defined by the manufacturer and was very close to the results 

observed in this study.   
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We conclude the Km of the purified BuChE suspension was 275 μM and the 

activity conforms to manufactures specifications.   
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Figure 4.7.1.-1. BtCh concentration-dependent activity of the purified BuChE suspension 
 

4.7.2. Optimization of DTNB Concentration 

While DTNB is not important for the activity of plasma BuChE, the presence of 

DTNB is required for the formation of TNB (yellow product).  An adequate amount of 

DTNB to react with the product is required to observe TNB formation over the 8 minute 

reaction time.  The purpose of this study was to determine the optimum concentration of 

DTNB.   

The concentrations of DTNB studied ranged from 0.01 mM to 1 mM.  (The 

concentration optimized for the RBC AChE activity was 0.25 mM.)  The concentration of 

88 



BtCh used in this study was 2500 μM, approximately 10-fold higher than the Km 

concentration. 

The activity of purified BuChE activity at various DTNB concentrations was 

determined by the following procedure: 

1. Into a 1 ml quartz cuvette, the following was added: 

i. PBS, a sufficient volume to make a total volume of 1 ml, taking into 

account the volume of DTNB 

ii. DTNB ranging from 0.01 mM to 1 mM 

iii. 25 μl purified BuChE suspension 

2. To start the reaction 25 μl of BtCh Solution C was added to the cuvette 

3. The formation of product was observed at 410 nm for 8 minutes by 

absorbance 

The results of this study are shown in figure 4.7.2.-1.  At the lowest 

concentrations of 0.01 and 0.1 mM, DTNB became the limiting reagent in the formation 

of TNB over the 8 minutes.  This is observed by a linear-increase in product formation 

followed by a plateau, resulting in an apparent low activity.  At concentrations of 0.25 

mM and above, DTNB was no longer the limiting reagent and the reaction could proceed 

to completion over an 8 minute reaction time.   

We optimized the concentration of DTNB to be 0.25 mM, the same as used for 

measurement of RBC AChE activity. 
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Figure 4.7.1.-1. Optimization of DTNB concentration 
 

4.7.3. Optimization of Plasma Dilution 

The dilution of plasma was optimized to measure the activity of plasma BuChE.  

The dilution factor of RBC AChE is 0.000042 (i.e., a 2400-fold dilution) and resulted in 

an activity of approximately 0.012 μmol/min at high AtCh concentrations.  A dilution of 

plasma that resulted in similar activities of plasma BuChE and that resulted in a linear 

relationship of enzyme to activity would be optimized. 

Plasma was diluted by the following factors: 0.001250, 0.0025, and 0.005 (i.e. an 

800, 400 and 200-fold dilution, respectively).  The concentration of BtCh was 2500 μM, 

approximately 10-fold higher than the Km of purified BuChE suspension.  The activity 

was measured in triplicate for each plasma dilution factor. 
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The results of this study are shown in figure 4.7.3.-1.  The activities ranged 

between 0.005 and 0.02.  The dilution of 0.0025 resulted in an activity of 0.009 

μmol/min, similar to the activity of RBC AChE at a 0.00083 dilution factor. 
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Figure 4.7.3.-1. Effect of plasma dilution on activity 

 

The optimum dilution factor for plasma was 0.0025, which is a 400-fold dilution.  

This dilution factor resulted in activities similar to RBC AChE at a 2400-fold dilution.  

The dilution was approximately 3-fold less than the dilution used for RBC AChE activity, 

which may indicate the activity for plasma BuChE is less than the RBC AChE. 
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4.7.4. Optimization of Reaction Time 

Using the optimized DTNB concentration (section 4.7.2) and plasma dilution 

(section 4.7.3), the time of reaction was optimized for the shortest time necessary to 

accurately estimate the activity.  The substrate concentrations of BtCh ranged from 100 

μM to 2000 μM in addition to a blank (no BtCh).  The increase in absorbance was 

followed for 8 minutes.  The activity as measured for 8 minutes was compared to the 

activity for 4 minutes.   

Figure 4.7.4 shows the increase in absorbance for 8 minutes.  The activities 

measured at 4 minutes and 8 minutes were correlated with each other with an r2 of 

0.9848.  The difference between the measurements were not statistically different from 

each other (p= 0.9998 by a paired t-test).  Thus the measurement of activity for 4 minutes 

resulted in the same activities as measurement for 8 minutes, but required less time. 
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Figure 4.7.4. The increase in absorbance for 8 minutes for BtCh concentrations of 100 

μM to 2000 μM 
 

In order to minimize the time required and to increase the throughput of this 

method, the time of reaction to measure plasma BuChE activity was optimized to 4 

minutes. 

4.7.5. Summary of Optimization of Plasma BuChE Activity 

The Km of purified BuChE suspension from horse serum was found to be 275 μM.  

The concentration of DTNB was optimized to be 0.25 mM; at this concentration, DTNB 

was not the limiting reactant.  This is the same concentration for the determination of 

RBC AChE activity.  The dilution factor of plasma for the determination of plasma 

BuChE activity was 0.0025 (400-fold dilution); at this dilution factor, similar activities 

were observed for RBC AChE activity and the enzyme to activity relationship was linear.  
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The optimized time of reaction was 4 minutes, and was shortened from 8 minutes to 

increase analysis throughput.   

4.7.6. Measurement of Plasma BuChE Activity 

The measurement of plasma BuChE activity was performed in a similar manner 

as RBC AChE activity.  The measurement of BuChE activity was performed at room 

temperature by the following procedure. 

1. Into a 1 ml quartz cuvette, the following was added: 

a. PBS, a sufficient volume to make a total volume of 1 ml taking into 

account the volume of substrate 

b. 25 ul DTNB solution 

c. 25 μl plasma solution 

2. To start the reaction, BtCh solution was added to the cuvette 

3. The formation of product is observed at 410 nm for 4 minutes by absorbance 

 

4.8. Characterization of AChE and BuChE in RBC and Plasma 

The hydrolysis of AtCh and BtCh by RBC and plasma was characterized.  BtCh, 

being a selective substrate for AtCh, was able to differentiate the presence of AChE and 

BuChE in RBC and plasma.  The ability to hydrolyze the two substrates was measured at 

a range of substrates concentrations and the enzyme kinetics described by an appropriate 

model.  For convention: 

o RBC AChE activity refers to the ability of RBC to hydrolyze AtCh 
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o RBC BuChE activity refers to the ability of RBC to hydrolyze BtCh 

o Plasma AChE activity refers to the ability of plasma to hydrolyze AtCh 

o Plasma BuChE activity refer to the ability of plasma to hydrolyze BtCh 

4.8.1. RBC hydrolysis of AtCh 

Previously, AtCh hydrolysis by RBC has shown an Km of 29.7 ± 8.6 μM by 

Men.30  For this experiment, AtCh concentrations ranged from 10x less to 60x higher 

than the reported Km.  Table 4.8.1.-1 shows the concentration of AtCh, and the volumes 

of each reagent used to measure the activity.  The activity at each concentration was 

measured in triplicate. 

 

Table 4.8.1.-1. Conditions to study AtCh hydrolysis by RBC AChE 

AtCh Conc PBS DTNB 
Dilute RBC 
Suspension AtCh B AtCh C AtCh D 

(μM) (μl) (μl) (μl) (μl) (μl) (μl) 
0.0 950.0 25 25 -- -- -- 
3.0 920.3 25 25 -- -- 29.7 
5.9 890.6 25 25 -- -- 59.4 
8.9 860.9 25 25 -- -- 89.1 

14.9 935.2 25 25 -- 14.9 -- 
29.7 920.3 25 25 -- 29.7 -- 
44.6 905.5 25 25 -- 44.6 -- 
89.1 860.9 25 25 -- 89.1 -- 
148.5 935.2 25 25 14.9 -- -- 
297.0 920.3 25 25 29.7 -- -- 
445.5 905.5 25 25 44.6 -- -- 
594.0 890.6 25 25 59.4 -- -- 
891.0 860.9 25 25 89.1 -- -- 

1188.0 831.2 25 25 118.8 -- -- 
1782.0 771.8 25 25 178.2 -- -- 
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As expected, the hydrolysis of AtCh by RBC AChE followed Michaelis-Menten 

kinetics; the goodness of fit was 0.9830.  Figure 4.8.1.-1 shows the results of this study.  

The Km and vmax values were estimated to be 73.0 μM (13%) and 15.7 μmol/min/ml RBC 

(2.9%), respectively.  The intrinsic clearance for AtCh in RBC was 215.1 ml/min/ml 

RBC. 

The Km in this study matched well with reported Km values in human RBC.  Men 

reported the Km value of 30 μM;30 Froede et al. reported a Km of 290 μM; 67 and Kamal et 

al to be 88 μM.68   

The vmax in this study was higher than reported values, but was within a 5-fold 

range.  Men reported a vmax of 9.2 μmol/min/ml RBC; 30 Wetherell et al reported values 

of 5.0 μmol/min/ml blood;64 and Kamel et al reported a value of 3.7 μM/min/g blood.68 
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Figure 4.8.1.-1. Hydrolysis of AtCh by RBC ChE 

 

96 



4.8.2. RBC hydrolysis of BtCh 

Little is known about the ability of RBC to hydrolyze BtCh, other than a high 

selectivity of AChE for ACh and AtCh.  This is thought to be due to the steric hindrance 

at the acyl-binding pocket.21  There are limited reports of the kinetics of this interaction. 

For this experiment, high concentrations of BtCh were required.  The solutions 

were prepared by the following procedure: 

 BtCh stock solution A (300 mM) was prepared by adding 951.7 mg of 

BtCh to 10 ml of PBS.   

 BtCh stock solution B (30 mM) was prepared by adding 100 μl of BtCh 

stock to 900 μl of PBS. 

Table 4.8.2.-1 shows the concentration of BtCh studied and the volumes reagents 

used for the experiment.  The highest concentration of BtCh studied of 22500 μM was 

limited due to limited solubility of BtCh at high concentrations. 

 

Table 4.8.2.-1. Conditions to study BtCh hydrolysis by RBC AChE 
BtCh 
Conc V PBS DTNB 

Dilute RBC 
Suspension

BtCh Stock 
Solution A 

BtCh Stock 
Solution B  

(μM) (μl) (μl) (μl) (μl) (μl) 
3000 850 25 25 -- 100 
7500 925 25 25 25 -- 
15000 900 25 25 50 -- 
30000 850 25 25 100 -- 
75000 700 25 25 250 -- 
150000 450 25 25 500 -- 
225000 200 25 25 750 -- 
 

The hydrolysis of BtCh by RBC AChE followed Michaelis-Menten kinetics; the 

goodness of fit was 0.8810.  The Km and vmax was 130000 μM (39%) and 11.9 
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μmol/min/ml RBC (19%).  Because of the limited solubility of BtCh, the highest 

concentration studied was 225000 μM, less than twice the estimated Km value.  This lead 

to a high correlation between Km and vmax of 0.96; nevertheless, the estimates were 

reasonably well estimated with a COV less than 40%.  The CLint is estimated to be 0.092 

ml/min/ml RBC.  Figure 4.8.2.-1 shows the results of this study. 
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Figure 4.8.2.-1. Hydrolysis of BtCh by RBC ChE 

 

4.8.3. Plasma hydrolysis of BtCh 

Previous measurements of BtCh hydrolysis by plasma BuChE indicated a Km of 

148 μM (± 18) and a vmax of 5.5 μmol/min/ml plasma (± 0.1).69  The concentration of 

BtCh for this study ranged from 10x less to 20x higher than this expected value.  Table 

4.8.3.-1 shows the concentrations and volumes of reagents used in this study. 
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Table 4.8.3.-1. Conditions used to study the hydrolysis of BtCh by plasma BuChE 

BtCh Conc PBS DTNB 

Dilute 
Plasma 
Solution

BtCh 
Solution 

A 

BtCh 
Solution 

B 

BtCh 
Solution 

C 
(μM) (μl) (μl) (μl) (μl) (μl) (μl) 

0 950.0 25 25 -- -- -- 
15 935.0 25 25 -- -- 15.0 
30 920.0 25 25 -- -- 30.0 
45 905.0 25 25 -- -- 45.0 
75 875.0 25 25 -- -- 75.0 

150 935.0 25 25 -- 15.0 -- 
225 927.5 25 25 -- 22.5 -- 
450 905.0 25 25 -- 45.0 -- 
750 875.0 25 25 -- 75.0 -- 
1500 935.0 25 25 15.0 -- -- 
2250 927.5 25 25 22.5 -- -- 
3000 920.0 25 25 30.0 -- -- 

 

The hydrolysis of BtCh by plasma BuChE followed Michaelis-Menten kinetics; 

the goodness of fit was 0.9817.  The Km and vmax were estimated to be 72.45 μM (14%) 

and 4.19 μmol/min/mL plasma (3.1%), respectively, similar to reported values.  The CLint 

was estimated to be 27.3 μmol/min/ml plasma. 

As reported in section 4.8.1.: the Km in human plasma was reported to be 171 μM 

(SD=12) by Cengiz et al.65 and was reported by Simeon-Rudolf et al.66 to be between 80 

and 210 μM, depending on the phenotype of the subject. 

The vmax was reported to be 5.10 μmol/min/ml plasma (SD=0.25) by Wetherell et 

al.64 and was reported by Simeon-Rudolf et al.66 to be between 1.2 and 7.6 μmol/min/ml 

plasma depending on the phenotype of the subject. 
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Figure 4.8.3.-1. Hydrolysis of BtCh by plasma ChE 

 

4.8.4. Plasma hydrolysis of AtCh 

Little information is available for the hydrolysis of AtCh by plasma but it is 

suspected to be similar to the hydrolysis of BtCh by plasma.  Table 4.8.4.-1 shows the 

conditions used to study the hydrolysis of AtCh by BuChE. 
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Table 4.8.4.-1. Conditions used to study the hydrolysis of AtCh by plasma BuChE 

AtCh 
Concentration PBS DTNB 

Dilute 
Plasma 
Solution 

AtCh 
Solution 

A 

AtCh 
Solution 

B 

AtCh 
Solution 

C 

AtCh 
Solution 

D 
(uM) (ul) (ul) (ul) (ul) (ul) (ul) (ul) 

0 950 25 25  --  --  --  -- 
10 850 25 25 -- -- -- 100 
25 925 25 25 -- -- 25 -- 
50 900 25 25 -- -- 50 -- 

100 850 25 25 -- -- 100 -- 
250 925 25 25 -- 25 -- -- 
500 900 25 25 -- 50 -- -- 
1000 850 25 25 -- 100 -- -- 
2500 925 25 25 25 -- -- -- 
5000 900 25 25 50 -- -- -- 
10000 850 25 25 100 -- -- -- 
15000 800 25 25 150 -- -- -- 
20000 750 25 25 200  --  -- --  

 

The hydrolysis of AtCh by plasma BuChE followed Michaelis-Menten kinetics; 

the goodness of fit was 0.9863.  The Km and vmax was estimated to be 117.4 μM (6.3%) 

and 3.2 μmol/min/ml plasma (1.1%), respectively.  The CLint was estimated to be 27.3 

ml/min/ml plasma. The results are shown in figure 4.8.4.-1. 
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Figure 4.8.4.-1. Hydrolysis of AtCh by plasma ChE. 

101 



 

4.8.5. Results and Discussion 

Table 4.8.5.-1 summarizes the results of the measurement of RBC and plasma 

ChE activity by an optimized Ellman’s colorimetric method.  With the exception of RBC 

AChE hydrolysis of BtCh, the COV for the parameter estimates are less then 20%, 

indicating good precision of the estimates. 

Table 4.8.5.-1. Summary of ChE activity in RBC and plasma 
Substrate 

Matrix 
AtCh BtCh AtCh BtCh AtCh BtCh 

 Km (μM) vMAX (μmol/min/ml matrix) CLint (ml/min/ml matrix) 

RBC 73 
(13%) 

130000 
(39%) 

15.7 
(2.9%) 

11.9 
(19%) 215.1 0.092 

Plasma 117 
(6.3%) 

72 
(14%) 

3.2 
(1.1%) 

4.2 
(3.1%) 27.3 57.8 

RBC Selectivity 1.6 0.0006 4.9 2.9 0.126 628 
 

The results indicate that RBC is very selective towards AtCh relative to BtCh 

with a RBC AChE/plasma AChE Km ratio of 1780.  At very high concentrations, RBC 

has a higher ability to degrade both AtCh and BtCh than plasma.  The vmax of RBC AChE 

is 15.7 μmol/min/ml RBC compared to 3.2 μmol/min/ml plasma for plasma AChE; a 

ratio of 4.9, ie., RBC has nearly a 5-fold higher ability to clear AtCh than plasma at high 

concentrations.  The RBC BuChE vmax was 11.98 μmol/min/ml compared to plasma 

BuChE of 4.2 μmol/min/ml plasma, a ratio of 2.9, i.e., RBC has nearly a 3-fold higher 

ability to clear BtCh than plasma, but requires a very high concentration.   

RBC AChE hydrolysis of AtCh is the most efficient with an CLint of 215.1 

ml/min/ml RBC while the CLint for RBC BuChE is lowest at 0.092 ml/min/ml RBC.  

This is consistent with its function, since AChE is known to be a highly efficient enzyme 
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towards ACh; however, it is also a very selective enzyme for ACh.  At very high 

concentrations of BtCh, RBC is as efficient at hydrolyzing BtCh as AtCh (vmax of 11.9 

compared to 15.7 μmol/min/ml RBC, respectively); however, AtCh experiences substrate 

inhibition at high concentrations due to binding at the peripheral ABS.21  The substrate 

inhibition, presumably, occurs by low affinity binding of AtCh at the mouth of the 

narrow gorge leading into the catalytic binding site, causing steric hindrance of substrate 

into and out of the catalytic binding site (see section 1.3.3.). 

Plasma BuChE is nonselective with less than a two-fold difference in Km towards 

AtCh and BtCh but is slightly more efficient at hydrolyzing BtCh than AtCh with an 

CLint of 57.8 ml/min/ml plasma for BtCh, compared with 27.3 ml/min/ml plasma for 

AtCh.  BuChE is nonselective and degrades the two substrates with similar efficiency. 

AtCh was about eight times more efficient at being cleared by RBC AChE than 

plasma BuChE, indicating that RBC AChE accounts for the majority of the hydrolytic 

activity for AtCh in whole blood.  On the other hand, BtCh is about 630 times more 

efficiently cleared by plasma than RBC, indicating that plasma BuChE accounts for the 

majority of the hydrolytic activity in whole blood. 

Over all, this study shows the majority of the activity in RBC is thought to be due 

to RBC AChE by its selective clearance of AtCh.  This is supported by reports showing 

very little expression of BuChE in RBCs.22  In this study, the activity of plasma cannot be 

proven to be either AChE or BuChE, however, according to literature reports, the 

presents of AChE in plasma is negligible.25  Thus, the predominate ChE on RBC is AChE 

(RBC AChE); and the predominate ChE in plasma is BuChE (plasma BuChE). 
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4.8.6. Comparison of Activities to Other Tissues in Humans 

Other tissues with ChE activity include the brain, muscle, lung, liver and heart.  

The brain mainly contains AChE, mainly localized in certain regions, such as the cortex, 

amygdalae and hippocampus.70  BuChE makes up approximately 5% of the ChE activity 

in the CNS; secreted by glial cells into the CSF, BuChE is distributed evenly throughout 

the CNS.  The skeletal muscles contain a large amount of ChE, which account for 

approximately 75% of the ChE activity in the body.22  The majority of the activity of 

skeletal muscles is AChE associated with the neuromuscular juncture.  The liver 

exclusively expresses BuChE.22  The ChE in the lung consists of approximately 40% of 

BuChE and approximately 60% AChE.71  The ChE activity in the heart is approximately 

95% AChE.22   

The blood ChE activity accounts for approximately 21% of the total ChE activity 

in the body.  The skeletal muscles contain approximately 75%.  Together, blood and 

muscles account for 96% of the total ChE activity in the body.  The brain and liver 

account for 1.8 and 1.3% of the total ChE activity in the body, respectively.22 

4.8.7. Comparison of Blood Activities to Other Species 

Other species also contain ChE activity in blood; however, this activity tends to 

be species specific.  Rat RBC and plasma ChE activity was estimated in our lab by 

Krishnan et al.72  The RBC AChE activity was very small and was difficult to measure 

above baseline (blank samples).  However, the plasma AChE Km was estimated to be 103 

μM and the vmax was 0.4 μmol/min/ml plasma.  The Km was very similar to humans, 

however, the vmax was 8-fold less.  The plasma BuChE Km was 162 μM and the vmax was 
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0.14 μmol/min/ml plasma.  The Km was similar to humans but the vmax was 

approximately 30-fold lower.  The activity in rat plasma was estimated to be 

approximately 50% AChE and 50% BuChE. 

In addition to plasma AChE and BuChE activity, there was a large amount of 

nonselective esterase activity, presumably carboxyesterase, in rat RBC and plasma.73  

This nonselective activity was only observed at high concentrations with a Km of 

>100,000 μM. 

Tecles et al. measure the ChE activity with AtCh and BtCh in whole blood, RBC 

and plasma in several species.74  The AtCh and BtCh concentrations used in the study 

was 1,000 μM, concentrations that are expected to result in activities near the vmax.  For 

AChE, this concentration would be relatively selective for AtCh.  The results are shown 

in table 4.8.7.-1.  The RBC AChE selectivity was relatively similar across the species, 

with RBC BuChE activity being approximately 10% of the RBC AChE activity.  The 

RBC AChE activity ranged from 1.23 μmol/min/ml in cats to 4.24umol/min/ml in cows.  

The plasma BuChE activity was generally higher than the plasma AChE activity, as was 

observed in humans, but this was not consistent across all species.  The activity of RBC 

and plasma AChE activity was generally equal in RBC and plasma, as was observed in 

humans, with the exception of cows, goats, sheep and pigs.  For these later species, the 

RBC activity accounted for the majority of the activity with the plasma activity 

approximately 10% of the RBC activity. 
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Table 4.8.7.-1. ChE activity in whole blood, RBC and plasma from several species74 

 

Many mammalian species exhibit AChE and BuChE activity in blood.  For most 

species the RBC contains mainly AChE.  Most species have approximately 50% AChE 

and BuChE in the plasma, but ranges from nearly exclusively BuChE in humans to only 

10% of ChE activity in cows, goats and sheep.  Some species, such as rats, show very 

little specific blood ChE activity, but instead exhibit nonselective esterase activity, 

presumably carboxyesterase. 

 

4.9. Analysis of Study Samples 

The purpose of the preliminary studies (described in Chapter 5) and the in-vitro 

clinical study (described in Chapter 6) was to characterize the inhibition of AChE and 

BuChE by the cholinesterase inhibitors PHYS, PYR, DON and GAL.  In these studies, 
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the inhibition of RBC AChE activity is measured using AtCh as the substrate; the 

inhibition of plasma BuChE is measured using BtCh as the substrate.   

The activity was measured in real-time, during the course of the study due to the 

instability of PHYS in blood, plasma and RBC.  Storage of samples created the concern 

of changes in PHYS concentrations, leading to variability in ChE activity.  While rapid 

analysis of samples was necessary, this eliminated the concern for stability of inhibitors 

and effects of freeze-thaw.  Optimization of this method included shortening the analysis 

time and assisted in rapid analysis of samples during the course of the experiments. 

At the beginning of each study, quality control enzyme activities were measured.  

These QC sample ensured interday consistency in activity measurements.  See section 

4.9.1 for the procedure the QC samples were measured and section 4.9.2 for the analysis 

of the QC samples 

Blood was collected during the course of the study.  The blood was centrifuged at 

5,000 rpm for 2 minutes to separate RBC and plasma.  The plasma (60 μl) was placed in 

600 μl of PBS and vortexed for 10 seconds to make a diluted plasma solution.  The RBC 

(10 μl) was pipetted with a positive displacement pipette (due to its viscosity) into 600 μl 

of PBS and vortexed for 10 seconds to make a dilute RBC suspension.  The measurement 

of RBC AChE was performed as described in section 4.6 and plasma BuChE was 

performed as described in section 4.7.6.  Depending on the type of inhibition, various 

substrate concentrations were used. 
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4.9.1 Quality Control Enzyme Activity 

The activity of the standard bovine AChE suspension with a standard 

concentration of AtCh and BtCh was measured for each study.  This activity was used to 

establish interday consistency in the measurement of activity.  Measured approximately 

at the Km concentration for AtCh (Km=109 μM) 72 and BtCh (Km=12,566 μM) 72, the 

activity is dependent on the substrate concentration, and is able to establish consistent 

substrate concentrations at the start of each study.  Thus, inconsistency in the interday 

standard activity would be able to detect substrate concentration variability, such as by 

degradation.  The activity was measured in duplicate and the activity must have been 

within 20% of the prespecified criteria.   

All standard enzyme activity was measured at room temperature.  The 

measurement was made in duplicate by the following procedure: 

• Standard AtCh activity (100 μM AtCh, Bovine AChE 0.05 U/ml) 

1. Into a cuvette, add:  

o 865 μl of PBS was added to a cuvette  

o 25 μl DTNB 

o 10 μl Bovine AChE suspension 

2 To start the reaction, add: 

o 100 μl AtCh C 

3 Autozero the absorbance and start recording the change in absorbance. 

4 The formation of product is observed at 410 nm for 4 minutes 

• Standard BtCh activity (10,000 μM BtCh, Bovine AChE 0.25 U/ml) 

108 



1. Into a cuvette, add:  

o 825 μl of PBS was added to a cuvette  

o 25 μl DTNB 

o 50 μl Bovine AChE suspension 

2 To start the reaction, add: 

o 100 μl BtCh A 

3 Autozero the absorbance and start recording the change in absorbance. 

4 The formation of product is observed at 410 nm for 4 minutes 

4.9.2 Interstudy Quality Control Enzyme Activity 

The prespecified activity for AtCh was 0.011 μmol/min ± 20% (i.e., 0.0088 to 

0.013 μmol/min); the prespecified activity for BtCh was 0.0035 μmol/min ± 20% (0.0028 

to 0.0042 μmol/min).  The mean control AtCh activity for the preliminary studies 

(chapter 5) was 0.012 μmol/min (8.7%); the mean control BtCh activity was 0.0039 

(11%).  The QC activity for each study can be seen in figure 4.9.2.-1.   

The mean control AtCh activity for the in-vitro clinical study (chapter 6) was 

0.011 μmol/min (11%); the mean control BtCh activity was 0.0032 μmol/min (9.1%).  

The QC activity for each subject can be seen in figure 4.9.2.-2. 

The activity of a standard enzyme control at a fixed substrate concentration was 

consistent across all of the studies, demonstrating consistent substrate concentrations and 

low interday/interstudy variability in activity measurement. 
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Figure 4.9.2.-1.  QC activities for the preliminary studies described in Chapter 5 
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Figure 4.9.2.-2.  QC activities for the each study subject described in Chapter 6 
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4.10. Conclusions 

This chapter describes the method and optimization for the measurement of RBC 

and plasma ChE activity.  The method was simple, with improved throughput due to a 

decreased analysis time.   

The RBC activity is highly selective for AtCh with very little activity for BtCh, 

except at very high concentrations.  Plasma is able to hydrolyze AtCh and BtCh with 

similar activities.  This is thought to be due to the nonselective nature of BuChE in 

plasma.   

The RBC AChE and plasma BuChE activity was used to measure the inhibition 

by PHYS, PYR, DON and GAL.  The interstudy consistency was demonstrated with QC 

samples using a standard enzyme and concentration solution.  The samples were analyzed 

in real-time, during the course of the study.  This was necessary due to PHYS instability 

in blood, plasma and RBC, but eliminated the concern for effects of a freeze-thaw cycle.  

The total analysis time was approximately 6 minutes, including centrifugation to separate 

RBC and plasma. 
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Chapter 5 

Mechanistic Inhibition Studies of Human RBC AChE and Plasma 
BuChE by PHYS, PYR, DON and GAL 

 

5.1. Introduction 

Understanding the mechanism of inhibition of ChE inhibitors will be helpful in 

understanding the sensitivity of AChE and BuChE.  As discussed in Chapter 1, there are 

three possible mechanisms of inhibition proposed for ChE inhibitors; they include:27 

1. Competitive inhibition, if the inhibitor binds to the catalytic region of the 

catalytic ABS of ChE 

2. Noncompetitive inhibition, if the inhibitor binds to the peripheral ABS of 

ChE 

3. Suicide-inactivator, if the inhibitor acts as an alternate substrate and, 

transiently, covalently binds to the catalytically active region of ChE 

In addition, an agent may act as a mixed competitive-noncompetitive inhibitor if 

the inhibitor binds to both the catalytic ABS and the peripheral ABS (see section 1.3.4.).  

Determination of the mechanism of inhibition will assist in the full characterization of 

sensitivity to each of the inhibitors.  For example, full characterization of the inhibition 

mechanism allows for comparison of how the inhibitor affects the ChE across a range of 

conditions, such as time, inhibitor and substrate concentrations.  The purpose of the study 
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described in this chapter was to characterize the mechanism of inhibition of PHYS, PYR, 

DON and GAL on human RBC AChE and plasma BuChE.  In addition, the purpose of 

this study was to characterize the degradation of PHYS in human whole blood and 

determine the relative contribution of RBC and plasma to its enzymatic degradation.  

This was studied in several experiments; 

1. An in-vitro study of PHYS in human whole blood, RBC suspension and 

plasma to assess the degradation of PHYS, the relative contribution of 

RBC and plasma to whole blood clearance and to assess the time-

dependent and concentration-dependent inhibition of RBC AChE and 

plasma BuChE at a single initial PHYS concentration 

2. A preliminary in-vitro inhibition study of PYR, DON and GAL in human 

whole blood at steady-state using a competitive inhibition model 

(assessing for steady-state concentration dependent inhibition). 

3. A mechanistic study of PHYS in human whole blood to assess for time- 

and concentration-dependent inhibition for several initial PHYS 

concentrations and the degradation of PHYS in human whole blood 

4. A mechanistic study of PYR, DON and GAL in human whole blood to 

assess for time- and concentration-dependent inhibition at several initial 

inhibitor concentrations.  

The results of this study were used to design the laboratory procedure of a clinical 

study to assess age-related difference in sensitivity to the ChE inhibitors. 
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5.2. Specific Aims 

1. Design and perform an in-vitro mechanistic study of PHYS, PYR, DON and GAL 

in human whole blood to study the concentration- and time-dependent inhibition 

of RBC AChE and plasma BuChE as well as time-dependent degradation of 

PHYS in whole blood. 

2. Develop and validate mechanistic PK/PD models of PHYS and PD models of 

PYR, DON and GAL using the mechanistic in-vitro studies. 

 

5.3. Materials and Reagents 

The materials and regents were previously described in Chapter 3 and Chapter 4 

with the following additions: 

Donepezil (DON as free base; MWt = 379.50; Bosche Scientific, New Brunswick 

NJ) 

Galantamine hydrogen bromide (GAL; MWt = 374.31; Bosche Scientific; New 

Brunswick NJ) 

 

5.4. Equipment  

The equipment was the same as described in Chapter 3 and 4. 
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5.5. Solution Preparation   

The solution preparation was the same as described in Chapter 3 and 4 with the 

following additions: 

PYR preservative solution (5 mg/ml; 18.2 mM) was prepared by weighing 5 mg 

of PYR bromide into 1 ml of PBS. 

PHYS stock solution (3.63 mM; 1mg/ml) was prepared by weighing 1.5 mg of 

PHYS salicylate into 1 ml PBS.   

PHYS solution A (36.3 μM; 10 μg.ml) was prepared by pipetting 10 μl of PHYS 

stock solution into 990 μl of PBS. 

PYR Stock (100 mM) was prepared by weighing 261.1 mg PYR Br into 10 ml 

PBS 

PYR Solution A (1,000 μM) was prepared by pipetting 10 μl of PYR Stock into 

990 μl of PBS 

PYR Solution B (100 μM) was prepared by pipetting 10 μl into of PYR Solution 

A into 990 μl of PBS 

DON Stock (167,000 μM) was prepared by weighing 189.75 mg DON into 2.8 ml 

nanopure water with 200 μl phosphoric acid (total volume of 3 ml). 

DON Solution A (1,670 μM) was prepared by pipetting 10 μl of DON Stock into 

990 μl PBS 

GAL Stock (100,000 μM) was prepared by weighing 36.8 mg of GAL HBr into 1 

ml PBS 
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GAL Solution A (1,000 μM) was prepared by pipetting 10 μl of GAL Stock into 

990 μl PBS 

 

5.6. In-vitro PK/PD studies of PHYS in human whole blood, plasma and RBC 

suspensions 

 A PK/PD study of PHYS in human whole blood, plasma and RBC suspension 

was performed to study the inhibition of RBC AChE and plasma BuChE by PHYS and to 

assess the relative contribution of plasma and RBC to the total degradation of PHYS in 

human whole blood.  Blood was collected from a young healthy male volunteer recruited 

for this study (Subject 1).   

Plasma and RBC were separated by centrifuging whole blood at 5,000 g for 10 

min.  The plasma was removed and stored at 4 °C until studied.  The packed RBCs were 

washed by adding Dulbecco’s Phosphate Buffered Saline (DPBS, Quality Biological Inc, 

Gaithersburg MD) at a 1:1 ratio, vortexed and centrifuged again.  This was repeated twice 

more for a total of three washings.  The RBCs were suspended at a 1:1 ratio of DPBS.  

This would result in a suspension with an approximate 50% hematocrit. 

The whole blood, RBC suspension and plasma were placed in an oscillating water 

bath set to 37°C and 70 rpm and allowed to equilibrate.  Baseline activity of RBC AChE 

was measured for both whole blood and the RBC suspension; baseline activity of plasma 

BuChE was measured for both whole blood and the plasma.  The substrate concentration 

to assess ChE activity was 1,000 μM of AtCh for AChE and 1,000 μM of BtCh for 
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BuChE.  This concentration is approximately 15-fold Km for both enzymes; at 15-fold Km 

the enzyme activity is expected to be near vmax. 

PHYS was added to whole blood, RBC suspension and plasma for an initial 

concentration of 0.18 μM (50 ng/ml).  At prespecified time points after the addition of 

PHYS, samples were taken to measure the PHYS concentration in plasma (whole blood, 

plasma) or buffer (RBC suspension) as well as AChE activity (whole blood, RBC 

suspension) and/or the BuChE activity (whole blood, plasma) until the ChE activity had 

returned to baseline. 

Figure 5.6.-1. shows the resulting PHYS concentration and ChE activity-time 

profiles in whole blood, RBC suspension and plasma.  The PHYS degradation in plasma 

and buffer was fit by a Michaelis-Menten kinetic model shown in equation 5.6.-1.  The 

Michaelis-Menten kinetic model parameter estimates are shown in table 5.6.-1.  The CLint 

is the ability of the enzyme to degrade PHYS at low concentrations and is calculated 

using equation 5.6.-2.  The ChE activity-concentration profile was fit by a pseudo-steady-

state noncompetitive inhibition model (see equation 1.3.4.-2a). 

 

CK
Cv

dt
dC

m +
−=

*max       <Equation 5.6.-1> 

Where: C = Concentration in plasma or buffer 

 vmax = Maximum rate of degradation 

 Km = Equilibrium dissociation constant, the concentration at half the 

maximum rate of degradation; Michaelis constant  
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mK
v

CL max
int =        <Equation 5.6.-2.> 

 

Time-dependent ChE inhibition was observed; the lag-time of the maximum 

inhibition was observed at approximately 30 minutes.  This time-dependent inhibition is 

suggestive of suicide-inactivation; however, more initial PHYS concentrations would 

need to be explored to assess the concentration-dependent inactivation-rate constant 

relationship observed for a suicide inactivator.   

Figure 5.6.-2. shows the inhibition of AChE and BuChE in whole blood, RBC 

suspension and plasma fit by a noncompetitive inhibition model.  Due to an observed lag 

time, the pseudo-steady-state inhibition was used for the inhibition analysis.  Pseudo-

steady-state inhibition is the time when the ChE activity is recovering (increasing), while 

the concentration of PHYS is declining.  Pseudo-steady-state inhibition is observed after 

the lag-time.  For this analysis, the first 30 minutes was excluded from the pseudo-steady-

state noncompetitive inhibition model, i.e., the time before lag-time was excluded.  The 

parameter fits are shown in table 5.6.-2. 

The coefficient of determination for the kinetics of PHYS in whole blood, RBC 

suspension and plasma was 0.98 or above; however, the parameter estimates were not 

well estimated for RBC suspension kinetics with a COV >30% for both Km and vmax.  

The coefficient of determination for the inhibition in whole blood and plasma was above 

0.9, but was only 0.71 for RBC suspension.  This was due to a high degree of variability 

in RBC AChE activity. 
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Figure 5.6.-1. PK/PD-time profile of PHYS in human whole blood (left), RBC 

suspension (center) and plasma (right), symbols indicate observations while lines are 
model predictions.  PHYS concentrations were fit by a Michaelis-Menten kinetics model 
and ChE inhibition was fit by a pseudo-steady-state competitive inhibition model (note: 

concentrations are on a log scale) 
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Figure 5.6.-2. Inhibition of RBC AChE (left graphs, squares) and plasma BuChE (right 

graphs, triangles) by PHYS in human whole blood (top graphs), RBC suspension 
(bottom-left) and plasma (bottom-right) fit by a pseudo-steady-state competitive 

inhibition model 
 
 

Table 5.6.-1. In-vitro PK of PHYS in human whole blood, RBC suspension and plasma 
fit by a Michaelis-Menten kinetic model 

 r2 Km (%COV) vmax (%COV) CLint

  [μM] [nmol/min/ml]† [ml/min/ml] 
Whole Blood >0.99 0.021 (10) 0.00125 (6) 0.058 
RBC Suspension 0.98 0.046 (36) 0.00079 (56) 0.017 
Plasma >0.99 0.047 (13) 0.00103 (23) 0.022 

† Units of vmax is nmol of PHYS degraded per minute for each ml of plasma (whole blood, plasma) 
or nmol of PHYS degraded per minute for each ml of buffer (RBC suspension) 
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Table 5.6.-2. In-vitro PD of PHYS in human whole blood, RBC suspension and plasma 

fit by a pseudo-steady-state inhibition model 
Matrix – Substrate r2 v0 %COV Imax %COV Imax Ki  %COV
  [μmol/min/ml] ‡ [μmol/min/ml]‡ [%] [μM] 
Whole Blood – AtCh 0.94 12.7 (4) 7.5 (8) 59 0.0049 (45) 
Whole Blood – BtCh 0.98 2.6 (3) 2.2 (5) 82 0.0058 (26) 
RBC Suspension – AtCh 0.71 11.5 (12) 9.0 (16) 79 0.0056 (64) 
Plasma – BtCh >0.99 4.2 (1) 4.3 (3) 103 0.0437 (10) 
‡ Units of Imax and v0 is μmol of AtCh degraded per minute for each ml of RBC or μmol of BtCh 
degraded per minute for each ml of plasma 
 

 

PHYS was least rapidly degraded in the RBC suspension and most rapidly 

degraded in whole blood.  The vmax, the maximum degradation rate, was highest in whole 

blood, followed by plasma and lowest for RBC suspension.  The CLint, indicating the 

ability to clear PHYS at low PHYS concentrations, was highest for whole blood, 

followed by plasma and lowest for RBC suspension.  The sum of vmax by RBC 

suspension (0.00079 nmol/min/ml buffer) and one-half of plasma vmax (0.00052 

nmol/min/ml plasma) would predict the whole blood vmax (0.00131 compared to 0.00125 

nmol/min/ml plasma), i.e., whole blood degradation would consist of the RBCs at the 

same ratio as the RBC suspension, since it is already diluted to approximately the same 

proportion as whole blood (approximately 50% hematocrit), and half of the plasma (1-

hematocrit).  Comparing the relative contribution to vmax, RBCs are predicted to 

contribute approximately 60% and plasma contributes40% to the whole blood clearance 

of PHYS. 

The Km was similar in whole blood, RBC suspension and plasma.  The Km was 

approximately double in RBC suspension (0.046 μM) and plasma (0.047 μM) compared 
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to whole blood (0.021 μM), but was not statistically different from each other, suggesting 

similar affinity of PHYS for plasma BuChE and RBC AChE.   

PHYS inhibition potency for AChE was the same, regardless of the matrix.  The 

Ki values ranged from 0.0049 μM in whole blood to 0.0056 μM in RBC suspension.  

Inhibitory potency for BuChE was 10-fold lower in plasma alone compared to whole 

blood.  The Ki ranged from 0.0058 μM in whole blood to 0.044 μM in plasma.  The 

maximum inhibition was higher for AChE than for BuChE regardless or the matrix, 

whole blood, RBC suspension or plasma.  The maximum inhibition was less in whole 

blood compared to RBC suspension or plasma.  This may be due to the larger amount of 

enzymes to inhibit in the whole blood than in RBC suspension and plasma alone.   

This study shows that plasma and RBCs degrade PHYS enzymatically, following 

Michaelis-Menten kinetics and contribute approximately 60% and 40%, respectively, to 

the degradation of 0.18 μM of PHYS in whole blood.  PHYS has a similar inhibitory 

potency for RBC AChE and plasma BuChE in whole blood.  RBC AChE is inhibited 

equally potent in suspension than in whole blood, but plasma BuChE had a higher 

inhibitory potency in whole blood than plasma alone.  Inhibition was greater in RBC 

suspension and plasma compared to whole blood.  Overall, PHYS inhibited both RBC 

AChE and plasma BuChE nonselectively, with low inhibitory Ki.   
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5.7. Preliminary in-vitro Inhibition Studies of PYR, DON and GAL 

In-vitro inhibition studies in human whole blood were performed with PYR, DON 

and GAL.  The purpose of this experiment was to establish the inhibitory potency (Ki) 

assuming a competitive inhibition model.   

Whole blood was collected from the same young healthy male volunteer recruited 

in the study described in section 5.6 (Subject 1).  Whole blood was placed in an 

oscillating water bath set to 37°C and 70 rpm, and various concentrations of the inhibitors 

was added.  Table 5.7.-1 shows the in-vitro whole blood concentrations for each 

inhibitor.  These concentrations were chosen from literature values.30, 75-79  Higher DON 

concentrations were explored due to insufficient inhibition at concentrations 10-fold 

higher than the reported Ki.  For each inhibitor concentration, the activity of RBC AChE 

and plasma BuChE was measured after 30 minutes, but no more than after 60 minutes, 

after the addition of each inhibitor to ensure steady-state inhibition.  The activity was 

measured at the approximate Km substrate concentration of 75 μM for both AChE and 

BuChE.  The Km substrate concentration was chosen to decrease the amount of inhibitor 

required to over the substrate concentration.  In addition, using Km as the substrate 

concentration makes the conversion of IC50 to Ki simple, a 2:1 ratio.  The inhibition was 

fit by a steady-state competitive inhibition model using equations 1.3.4.-1b. and c. 
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Table 5.7.-1. In-vitro whole blood inhibitor concentration for the preliminary inhibition 
studies 

Initial PYR Whole Blood 
Concentrations (μM) 

Initial DON Whole Blood 
Concentrations (μM) 

Initial GAL Whole Blood 
Concentrations (μM) 

0.0010 
0.0091 
0.018 
0.091 
0.46 
0.91 
1.5 
3.0 

0.0010 
0.0057 
0.029 
0.71 
7.1 
71 

100 
1,000 
5,000 

10,000 

0.10 
0.36 
3.6 
19 

190 
850 

1,500 
4,400 

 

 

In addition to whole blood, PYR, DON and GAL were also studied in plasma, 

where the plasma BuChE inhibition was measured.  Any difference in plasma and whole 

blood inhibition may be due to RBC distribution, i.e., if whole blood requires a much 

higher concentration to achieve the same inhibition, this might indicate the inhibitor 

distributed mainly to the cytosol/membrane of RBCs.  On the other hand, if whole blood 

required a lower concentration than plasma, this would indicate the inhibitor did not 

distribute within the RBC cytosol and remained in the plasma.   

The ratio of plasma BuChE Ki to whole blood BuChE Ki would indicate the 

degree of RBC distribution.  Ratios of one indicate an even distribution between plasma 

and RBCs.  A ratio of two indicates only plasma distribution and no distribution to the 

RBCs.  Ratios less than one indicate more RBC distribution than plasma.  Very low ratios 

would indicate most of the inhibitor is located within the RBCs.   

The inhibition for RBC AChE and plasma BuChE, fit by a competitive inhibition 

model (equations 1.3.4.-1b. and c.), is shown in figure 5.7.-1.  The hashed line shows the 
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model fit for whole blood BuChE for comparison.  The model parameter fits are shown in 

table 5.7.-2. 
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Figure 5.7.-1. Results of preliminary inhibition study fit by a steady-state competitive 
inhibition model.  Hashed line is the whole blood BuChE model fit for comparison. 
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Table 5.7.-2. Results of preliminary inhibition study fit by a competitive inhibition model 
 r2  v0 (%COV) Imax (%COV) Imax Ki (%COV) 

  [μmol/min/ml] [μmol/min/ml] [%] [μM] 
   Whole Blood AChE    
PYR 0.88 5.68 (5) 4.69 (9) 82 0.07 (44) 
DON 0.9434 4.16 (3) 3.79 (6) 91 8.11 (30) 
GAL 0.8973 3.10 (3) 2.46 (9) 79 137.74 (40) 

   Whole Blood BuChE   
PYR 0.9819 2.31 (2) 2.46 (4) 107 0.20 (16) 
DON 0.9843 1.89 (1) 1.73 (3) 92 420.24 (15) 
GAL 0.9843 1.86 (1) 1.84 (5) 99 509.50 (14) 

   Plasma BuChE    
PYR 0.9877 2.24 (2) 2.45 (5) 109 0.40 (18) 
DON 0.9830 1.91 (2) 1.80 (3) 94 525.54 (13) 
GAL 0.9885 1.76 (1) 1.73 (4) 98 470.47 (11) 

 

This study showed that PYR was the most potent ChE inhibitor, but was 

nonselective.  DON was the most selective inhibitor for AChE, showing about a 50-fold 

selectivity.  GAL was moderately selective with about a 3.5-fold selectivity for AChE, 

but was the least potent inhibitor for both AChE and BuChE.   

Each of the inhibitors was able to achieve similar, almost complete maximal 

inhibition; approximately 80-90% for AChE and approximately 90-100% for BuChE.  

Even at high concentrations, the remaining residual activity in RBC was approximately 

10% to 20%.  Presumably, the residual activity in RBC is most likely due to nonspecific 

esterases in RBCs such as Esterase D.80  The residual activity in plasma was less than 

10%, indicating that plasma BuChE was able to be inhibited completely or nearly 

completely with virtually no remaining residual activity.   

Esterase D is a carboxylesterase with no known endogenous function, but has 

some activity against medications such as phenobarbital.81, 82  While classified as a 

carboxylesterase, esterase D has a similar structurally AChE, including the catalytic triad.  
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In esterase D, the Ser and His in the catalytic triad are the same as AChE, but replaces 

Glu with the Asp.  The arrangement of the catalytic triad in both enzymes are also very 

similar.83  While the Glu in AChE does not bind directly with ACh, it does stabilize the 

binding to the catalytic binding site.  Thus replacement of Glu with Asp is expected to 

decrease the affinity of ACh.  Due to similar structures, carboxylesterases and ChEs share 

similar substrate specificities.83   

Comparatively, PHYS was a nonselective inhibitor with a higher inhibitory 

potency than PYR, DON and GAL (Ki =0.005 μM for AChE and 0.006 μM for BuChE).   

The plasma BuChE Ki to whole blood BuChE Ki ratio indicate the degree of RBC 

distribution.  The Ki ratio was highest for PYR with a ratio of 2.0 indicating no RBC 

distribution.  Given that PYR is a quaternary amine, intracellular diffusion would be 

limited, thus the ratio of two is expected.  The DON ratio was 1.2 and indicates that DON 

distributes about equally within the RBC and in plasma with a slight preference for 

plasma.  The GAL ratio was 0.9 also indicating equal distribution and only slight 

preference for RBCs.   

The results of this study were used to design the mechanism of inhibition study by 

PHYS, PYR DON and GAL of RBC AChE and plasma BuChE. 

 

5.8. Full Mechanistic Inhibition Study Design  

This study was an in-vitro study in human whole blood.  Whole blood was 

collected from Subject 1 also recruited for the studies in section 5.6 and 5.7.  The whole 

blood was placed in an oscillating water bath set to 37°C and 70 rpm and various 
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concentrations of the inhibitors were added.  At various time points, the inhibition of 

AChE and BuChE was measured.   

Time-dependent inhibition, for ChE inhibitors, strongly indicate the mechanism 

of inhibition is by suicide inactivation.84  While there are other possible mechanisms for 

time-dependent inhibition, transient covalently bound intermediates to ChE are known 

and are strongly suggestive of suicide-inactivators, rather than other mechanisms.  The 

concentration-dependent rate of inactivation will be assessed as well as the steady-state 

inactivation model. 

The lack of time-dependency indicates the mechanism of inhibition is either by 

competitive inhibition, noncompetitive inhibition or mixed type.  The inhibitor- and 

substrate-concentration dependent activity will be studied to differentiate the type of 

inhibition. 

5.8.1. Mechanism of Inhibition by PHYS Study Design 

This study examined the PK/PD of PHYS at various starting concentrations to 

assess the concentration-dependent degradation of PHYS and the time- and 

concentration- dependent inhibition.  An additional young healthy male adult, Subject 2, 

was recruited for this study to assess interindividual variability.   

PHYS was added to whole blood at the start of the experiment at different starting 

concentrations of PHYS.  The concentrations are shown in Table 5.8.1-1. Blood samples 

were taken at pre-specified time points to measure RBC AChE activity, plasma BuChE 

activity and plasma PHYS concentrations until the ChE activity returned to baseline 
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levels.  Time-dependence was studied implicitly due to PHYS degradation over time as 

observed in section 5.6. 

 

Table 5.8.1-1. Initial concentrations of PHYS studied in human whole blood 
Initial PHYS Whole Blood 

Concentrations (μM) 
 

Subject 1 

Initial PHYS Whole Blood 
Concentrations (μM) 

 
Subject 2 

0.018 
0.091 
0.18 
0.27 
0.73 

0.018 
0.091 
0.18 

 

5.8.2. Mechanism of Inhibition by PYR, DON and GAL 

This study examined the concentration- and time-dependent ChE inhibition by 

PYR, DON and GAL in human whole blood.  The initial whole blood concentrations of 

PYR, DON and GAL are shown in table 5.8.2.-1.  The RBC AChE and plasma BuChE 

activities were measured at baseline, 0.5, 5, 35, 70 and 1000 min after the addition of the 

inhibitors.  The activity was measured at the following substrate concentrations for both 

AtCh and BtCh: 19, 75 and 7500 μM; corresponding to ¼x Km, 1x Km, and 100x Km, 

respectively. 

 

Table 5.8.2.-1 Whole blood concentrations of PYR, DON and GAL 
PYR Whole Blood 

Concentrations (μM) 
DON Whole Blood 

Concentrations (μM) 
GAL Whole Blood 

Concentrations (μM) 
0.00383 
0.0383 
0.383 
2.19 
25.5 
383 

1 
10 

100 
1,000 

10,000 

4 
40 

400 
4,000 

129 



 

5.9. Results of PHYS Mechanism of Inhibition Study and In-vitro whole blood PK   

At the highest PHYS concentration of 0.73 μM, recovery of ChE activity was not 

observed within 600 minutes and a significant concentration of PHYS was remaining at 

600 minutes (0.11 μM).  Thus, the highest concentration was excluded from the PK 

analysis.  The degradation of PHYS over time in human whole blood is shown in figure 

5.9.-1.  The PHYS concentration-time profile was fit by a Michaelis-Menten PK model 

across all concentrations and the parameter estimates are shown in table 5.9.-1. 

0.001

0.01

0.1

1

0 50 100 150 200 250 300

Time [min]

P
la

sm
a 

P
H

Y
S 

C
on

ce
nt

ra
tio

n 
[ μ

M
] 0.272 uM

0.182 uM

0.091 uM

0.018 uM

0.001

0.01

0.1

1

0 50 100 150 200 250 300

Time [min]

P
la

sm
a 

P
H

Y
S 

C
on

ce
nt

ra
tio

n 
[ μ

M
]

0.18 uM

0.091 uM

0.018 uM

 

Subject 1 Subject 2 

Figure 5.9.-1. Concentration-time profile of PHYS in human whole blood fit by a 
Michaelis-Menten kinetic model. 

 
Table 5.9.-1. Parameter estimates of Michaelis-Menten kinetic model 

  r2 vmax (%COV) Km (%COV) CLint

    [nmol/min/ml plasma] [uM] [ml/min/ml plasma] 
Subject 1 0.99 0.00134 (6) 0.021 (26) 0.0650 
Subject 2 0.97 0.00091 (8) 0.010 (14) 0.0869 

 

The two subjects showed similar kinetics.  The vmax ranged from 0.0013 to 

0.00091 nmol of PHYS degraded per minute for each ml of plasma and the Km ranged 
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from 0.021 to 0.010 μM for Subject 1 and 2, respectively.  In addition, the CLint was 

similar across the two subjects, ranging from 0.065 to 0.087 ml/min for each ml of 

plasma.  The kinetics was similar to that observed in the preliminary PK/PD described in 

section 5.6.  The Km and vmax was similar to the results in section 5.6 using a single initial 

PHYS concentration of 0.18 μM, i.e., 0.021 μM and 0.00125 nmol/min/ml plasma, 

respectively. 

Using total plasma volume in an average human (3000 ml) as a scaling factor, the 

above in-vitro clearance can be used to predict the in-vivo whole blood clearance.  Using 

this method, the in-vivo blood CLint is predicted to be 195 ml/min for Subject 1 and 261 

ml/min for Subject 2.  Comparing this to the observed plasma CLtot in humans, 

approximately 4500 ml/min, 30 whole blood seems to be responsible for only little of the 

total body clearance, approximately, 4.3% in Subject 1 and 5.8% in Subject 2; this 

suggests that PHYS is degraded in body tissues as well as hepatic metabolism.  The 

concentrations in this study are much higher than the concentrations in the in-vivo study 

where linear pharmacokinetics is observed. 

Time-dependent ChE inhibition was observed, and the lag-time to maximum 

inhibition occurred approximately 30 minutes after the addition of PHYS.  Time-

dependent inhibition suggests that the mechanism of inhibition may be by suicide 

inactivation (see Chapter 1 and equation 1.3.4.-4.29  The initial first-order inactivation 

rate constant, kobs, was estimated for each of the PHYS concentrations for the first 5-10 

minutes (i.e., the log-linear slope of the activity-time profile) and is shown in table 5.8.-2.  

The inactivation rate constant-concentration plot is shown in figure 5.8.-2.  The 
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inactivation-rate constant was fit by the suicide inactivation model to describe the 

concentration-inactivation rate relationship (equation 1.3.4.-4a.).  Due to a lack of 

sufficiently high PHYS concentrations, the inactivation model could not be fit to Subject 

2; however, the inactivation rate constants were similar to Subject 1.   

The maximum inactivation rate, kinact, for RBC AChE is 0.30 min-1 (21%) and 

0.21 min-1 (38%) for plasma BuChE.  The concentration at half of the maximum 

inactivation rate, Ki,app, for RBC AChE is 0.21 μM (52%)and 0.099 μM (126%)for 

plasma BuChE.  PHYS inhibited both AChE and BuChE rapidly and at approximately 

the same rate. 

 

Table 5.8.-2. PHYS first-order inactivation rate constants 
PHYS C0 AChE kobs BuChE kobs

[uM] [min-1] [min-1] 
  Subject 1   

0.726 0.218 0.142 
0.272 0.200 0.223 
0.182 0.119 0.159 
0.091 0.089 0.058 
0.018 0.000 0.014 

  Subject 2   
0.182 0.123 0.099 
0.091 0.057 0.077 
0.018 0.008 0.018 
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Figure 5.8.-2. PHYS concentration-dependent inactivation rate constant fit by a suicide 

inactivation rate model.  Subject 1 (left) and Subject 2 (right) 
 

After inactivation achieved pseudo-steady-state, inhibition was assessed, i.e., after 

maximum inhibition was reached.  Observed ChE inhibition and corresponding plasma 

PHYS concentrations were paired over time and plotted.  The inhibition followed a 

noncompetitive inhibition model under pseudo-steady-state conditions.  Figure 5.8.-3 

shows the inhibition fit by a pseudo-steady-state noncompetitive inhibition model and 

table 5.8.-3. shows the model parameter fits. 
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Figure 5.8.-3. PHYS pseudo-steady-state inactivation fit by a pseudo-steady-state 

noncompetitive inactivation model.  Subject 1 (top) and Subject 2 (bottom) 
 

Table 5.8.-3. PHYS pseudo-steady-state inactivation fit by a pseudo-steady-state 
noncompetitive inactivation model 

  r2  v0 (%COV) Imax (%COV) Imax Ki (%COV) 
    [μmol/min/ml] [μmol/min/ml] [%] [μM] 
        AChE         
Subject 1 0.8605 12.2 (3) 9.6 (6) 79 0.011 (27) 
Subject 2 0.8712 12.8 (3) 9.9 (10) 78 0.011 (36) 

        BuChE        
Subject 1 0.8255 3.3 (4) 3.3 (6) 99 0.023 (30) 
Subject 2 0.8303 4.4 (3) 2.9 (11) 66 0.008 (42) 

 

The PHYS induced ChE inhibition was similar between the two subjects.  PHYS 

was found to be a nonselective reversible inactivator of RBC AChE and BuChE.  The Ki 
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for AChE was 0.011 for both subjects and ranged from 0.023 to 0.008 in Subject 1 and 2, 

respectively, for BuChE.  AChE was inhibited approximately 80% for both subjects.  The 

residual activity that remained was similar to what was observed at high concentrations 

of PYR, DON and GAL.  BuChE was inhibited completely in Subject 1, similar to what 

was observed for PYR, DON and GAL, but was only inhibited maximally to 66% in 

Subject 2, indicating that a higher initial concentration may have been needed to inhibit 

BuChE completely in this subject.  The highest initial concentration in Subject 1 was 0.73 

μM while the highest initial concentration in Subject 2 was 0.18 μM. 

In conclusion, the mechanism of action for PHYS is by suicide inactivation, 

inhibiting both AChE and BuChE rapidly and with similar inhibitory potencies.  PHYS is 

able to inhibit plasma BuChE completely, but RBC AChE to only about 80%.  The 

remaining residual activity may to be due to the nonspecific esterase D found in the RBC 

cytosol.80  PHYS is rapidly degraded in human whole blood, however, this blood 

clearance only accounts for about 4-6% of the total body clearance.  The blood clearance 

follows Michaelis-Menten kinetics, however, at therapeutic concentrations, the 

concentrations are at or below the Km concentration.30, 35, 36, 43  Thus, in-vivo, only first-

order pharmacokinetics is observed for PHYS.  In addition, the pseudo-steady-state 

inhibition at physiologic concentrations is at or below the Ki concentration and thus the 

inhibition in-vivo is a linear relationship with concentration and less than 50%.30   

The results of this study matched well with in-vivo studies with PHYS.  The mean 

maximum concentration in the study by Men, where 6.7 μg/kg PHYS was given by 30 

minute IV infusion to healthy elderly adults, was 0.012 μM which resulted in an RBC 
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AChE mean maximum inhibition of approximately 20%.30  At a similar initial PHYS 

concentration, the maximum inhibition in this study was 14%.  The mean initial activity 

of ex-vivo RBC AChE was 9.3 μmol/min, compared to the in-vitro RBC AChE activity of 

12.2 to 12.8 μmol/min/ml RBC for this study.  A counter-clockwise hysteresis was 

observed for the ex-vivo inhibition of RBC AChE, indicating very little effect early in the 

study even at high concentrations followed by more effect for the same concentration.  

Inhibition by a suicide inactivator would show this kind of clockwise hysteresis since the 

maximum inhibition did not occur until about 30 minutes later, i.e., high concentrations 

initially, resulted in little effect until the lag-time was reached. 

The study by Knapp et al.35, where PHYS was given by oral sustained release 

dose to six young healthy males, achieved a Cmax of 0.004 μM which resulted in a 35% 

inhibition, after oral dosing.  A clockwise hysteresis was also reported.  This was 

explained as concentration-dependent binding to plasma proteins that they called “protein 

pools”, where high concentrations results in little binding to BuChE followed by more 

binding to BuChE at lower concentrations.  The reported concentration-dependent 

binding is probably due to time-dependent concentration changes (degradation) observed 

in the plasma protein binding experiments rather than a true concentration dependent 

binding.  The clockwise hysteresis is more satisfactorily explained by a suicide 

inactivator. 
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5.9. Results of the PYR Mechanism of Inhibition Study 

PYR showed time-dependent inhibition of both RBC AChE and plasma BuChE, 

i.e., the inhibition was not instantaneous and required a period of time to reach a steady-

state inhibition.  The inactivation was very rapid, occurring within a few minutes after the 

addition of PYR.  Figure 5.9.-1. shows the affect of PYR at different time points fit by a 

noncompetitive inhibition model for the highest  substrate concentration (7500 μM).  

Similar curves were observed at the other substrate concentrations where a proportional 

decrease in activity was observed.   

A general trend of increasing inhibition was observed.  The greatest inhibition 

was observed after 115 minutes.  This difference in inhibition is most readily observed in 

plasma, where a pronounced difference from 0.5 min to 35 min can be seen. 
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Figure 5.9.-1. PYR fit to a noncompetitive inhibition mode at different incubation times.  
Top solid line = 0.5 min; hashed middle line = 35 min; solid middle line = 70 min; 

bottom hashed line = 115 min. 
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The first-order inactivation rate constants, kobs, were estimated from the baseline 

and 0.5 min activities.  Because the inactivation rate constant is independent of the 

substrate concentration, for each PYR concentration, the rate constant at the three 

substrate concentrations (19, 75 and 7500 μM) was estimated and pooled.  Figure 5.9.-2. 

shows the PYR concentration-dependent inactivation rate constant fit by the suicide 

inactivation model (equation 1.3.4.-4a.).  Table 5.9.-1 shows the model parameter 

estimates for the suicide inactivation model.  At low concentrations, AChE is inhibited 

more rapidly than BuChE as indicated by a lower Ki,app of 0.12 μM, but at high 

concentrations, BuChE is able to inhibit more rapidly with a kinact of 6.8 min-1.  The 

inactivation-rate constant for PYR was higher than for PHYS; 4.0 min-1 compared to 0.30 

min-1 for RBC AChE, respectively, and 6.8 min-1 compared to 0.21 min-1 for plasma 

BuChE, respectively.  The difference may be due to the estimation methods of the 

inactivation rate.  Estimation of the inactivation rates for PHYS used the first 5 or10 min, 

while estimation for PYR only used the first 30 seconds.  Further, PHYS experienced 

degradation over time, while there was no evidence of degradation for PYR. 
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